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PREFACE 


The  1984  Chemical  Research  and  Development  Center  Scientific  Conference  on  Obscuration  and  Aerosol 
Research  was  held  25-29  June,  1984,  at  the  Edgewood  Area  of  Aberdeen  Proving  Ground,  Maryland.  The 
Conference  Is  held  annually,  the  last  full  week  In  June,  under  the  direction  of  Dr.  Edward  W.  Stueblng, 
Research  Area  Coordinator,  Aerosol  Science,  from  whom  It  receives  Its  unique  and  productive  character. 

The  Conference  Is  an  Informal  forum  for  scientific  exchange  and  stimulation  amongst  Investigators 
In  the  wide  variety  of  disciplines  required  for  aerosol  research  and  a  description  of  an  obscuring 
aerosol  and  Its  effects.  The  participants  develop  some  familiarity  with  the  Array  aerosol  and  obscura¬ 
tion-science  research  programs  and  also  become  personally  acquainted  with  the  other  investigators  and 
their  research  Interests  and  capabilities.  Each  attendee  Is  Invited  to  present  any  aspect  of  a  topic  of 
Interest  and  may  make  last  minute  changes  or  alterations  In  his  presentation  as  the  flow  of  Ideas  In 
the  Conference  develops. 

While  all  participants  In  the  Conference  are  Invited  to  submit  written  papers  for  the  Proceedings 
of  the  Conference,  each  Investigator  who  Is  funded  by  the  Army  Research  Program  Is  requested  to  provide 
one  or  more  written  papers  which  document  specifically  the  progress  made  In  his  funded  effort  In  the 
previous  year  and  which  Indicate  future  directions.  Also,  the  papers  for  the  Proceedings  are  collected 
In  the  Fall  to  allow  time  for  the  fresh  Ideas  which  arise  at  the  Conference  to  be  Incorporated.  There¬ 
fore,  while  the  papers  In  these  proceedings  tend  to  closely  correspond  to  what  was  presented  at  the 
Conference,  there  Is  not  an  exact  correspondence. 

The  reader  will  find  the  Items  relating  to  the  Conference  1tse1f--photographs,  the  list  of  attendees 
and  the  agenda--1n  the  appendixes  following  the  papers  and  the  Indexes  pertaining  to  them. 

The  use  of  trade  names  In  these  proceedings  does  not  constitute  an  official  endorsement  or  approval 
of  the  use  of  such  comnerclal  hardware  or  software.  These  proceedings  may  not  be  cited  for  purposes  of 
advertisement. 

Reproduction  of  this  document  in  whole  or  in  part  Is  prohibited  except  with  permission  of  the 
Commander,  Chemical  Research  and  Development  Center,  ATTN:  DRSMC-CLJ-1R,  Aberdeen  Proving  Ground, 
Maryland  21010-5423.  However,  the  Defense  Technical  Information  Center  and  the  National  Technical 
Information  Service  are  authorized  to  reproduce  the  document  for  US  Government  purposes. 

This  report  has  been  approved  for  release  to  the  public. 


oA*.T 

.  . m  dC 
: !  <  ■  M  op 


.tfV.'W  I Tj  *%  -»  %  jr*  #•*  *.  * *v  *-  -  ,'v».  ». 


CONTENTS* 


I.  PHYSICAL  AND  CHEMICAL  PROPERTIES  OF  AEROSOLS 


Page 

9 


A.  Particle  Formation,  Evolution  and  Composition 


GENERATION  OF  MONOOISPERSE  NONSPHERICAL  AEROSOL  PARTICLES 

K.  H.  Leong . 11 

GAS-TO-PARTICLE  CONVERSION:  THE  ROLE  OF  PRE-EXISTING  DIMERS  IN  THE 
FORMATION  OF  CLUSTERS  DURING  SUPERSONIC  EXPANSION 

R.  G.  Keesee  and  A.  W.  Castleman,  Jr . 13 

AEROSOL  PLUME  MECHANICS  AND  PARTICLE  GROWTH  PROCESSES 

J.  R.  Brock,  T.  H.  Tsang,  and  S.  G.  Kim . 23 


B.  Plume  Mechanics 


AEROSOL  PLUME  MECHANICS  AND  PARTICLE  GROWTH  PROCESSES 

J.  R.  Brock,  T.  H.  Tsang,  and  S.  6.  Kim . 23 

TURBULENT  MIXING  IN  CLOUDS 

J.  Latham . 37 

CHARACTERISTICS  OF  OBSERVED  CONCENTRATION  FLUCTUATIONS 
DURING  SMOKE  WEEK  III 

Steven  Hanna  and  Jonathan  Plelm  .  43 

KIND  TUNNEL  SIMULATION  OF  DIFFUSION  IN  A  CONVECTIVE  BOUNDARY  LAYER 

M.  Poreh  and  J.  E.  Cermak . 49 

CRITERIA  FOR  WIND-TUNNEL  SIMULATION  OF  PARTICLE  PLUMES  IN  THE 
ATMOSPHERIC  SURFACE  LAYER 

M.  Poreh  and  J.  E.  Cermak . 53 


C.  Particle  Oynamlcs:  Orientation  Effects,  Concentration  Sampling,  and 
Size/Shape  Analysis 

THE  ORIENTATION  DISTRIBUTION  FUNCTION  OF  NONSPHERICAL  AEROSOL  PARTICLES 


IN  A  GENERAL  SHEAR  FLOW:  THE  TURBULENT  CASE 

Isaiah  Galllly  and  E.  M.  Krushkal . 57 

UNIPOLAR  CHARGING  FOR  ULTRAFINE  AEROSOLS:  THEORY,  EXPERIMENT  AND 
SIGNIFICANCE  FOR  SIZE  DISTRIBUTION 

S.  W.  Davison,  S.  Hwang,  J,  Wang,  and  J.  W.  Gentry . . . 69 


D.  Aerosol  Elimination 


RESULTS  OF  PAST  AND  CURRENT  INVESTIGATION  OF  THE  SMOKE  PARTICLE 
SCAVENGING  BY  NONSPHERICAL  COLLECTORS 

J.  Podzimek  and  J.  Martin . 73 

THE  COLLISION  OF  NONSPHERICAL  AEROSOL  PARTICLES  WITH  WATER  DROPS 

K.  H.  Leong . ' . 85 


II.  AEROSOL  CHARACTERIZATION  METHODS  .  87 

(other  than  Aerodynamic  Methods  -  see  IC) 

A.  Particle  Shape  Descriptions  and  the  Value  of  Effective  Size  Parameters 

ANALOGS  TO  THE  SHAPE  FACTOR  OBSERVED  IN  OPTICAL  CALCULATIONS 

Pamela  E.  Geller  and  Peter  W.  Barber . 89 

(Presented  by  Edward  W.  Stueb1ng--1983  Conference) 


*See  also  page  517  for  the  indexes  of  the  authors  and  the  organizations  of  the  authors. 


5 

PREVIOUS  PAGE  wtv 

is  blank _ 


WV  '.-.V.  V.  ■*. 


V 

v; 


II.  AEROSOL  CHARACTERIZATION  METHODS  (continued) 


Page 


i 


i 


A.  Particle  Shape  Descriptions  and  the  Value  of  Effective  Size  Parameters  (continued) 


CHARACTERIZATION  OF  SMALL  NONSPHERICAL  METALLIC  PARTICLES 

U.  Scheunemann . . . 101 

APPLICATIONS  OF  CONDITION  NUMBERS  IN  PARTICLE  SIZE  ANALYSIS 
AND  LINEAR  REGRESSION 

C.  R.  Kaplan,  P.  Y.  Yu,  F.  F.  Farzanah,  J.  Hong  and  0.  W.  Gentry . 109 


B.  Optical  Inversion  Methods  for  Size  Distribution  (Including  Optical 
Particle  Size  Analyzers) 

USE  OF  STRUCTURAL  RESONANCES  IN  FLUORESCENCE  EMISSION  FOR  SIZING  SPHERES 


RESTING  ON  SUBSTRATES 

R.  E.  Benner,  S.  C.  Hill,  C.  K.  Rushforth  and  P.  R.  Conwell . 113 

MULTICHANNEL  NEPHELOMETER  DESIGN 

A.  R.  Tokuda,  G.  M.  Hess,  R.  R.  Majoch,  S.  R.  Beck,  C.  D.  Capps  and 

N.  E.  Carroll . 119 

PROGRESS  OF  INVERSION  TECHNIQUE  EVALUATION 

J.  R.  Bottlger . 129 

AEROSOL  SIZE  DISTRIBUTION  FROM  SIMULATED  NEPHELOMETRIC  DATA 

W.  A.  Pearce . HI 


C.  Optical  Constants  of  Liquids  and  Powders 


THE  OPTICAL  CONSTANTS  OF  SELECTED  MATERIALS  IN  THE  INFRARED.  VISIBLE, 

ANO  ULTRAVIOLET  SPECTRAL  REGIONS 

Marvin  R.  Querry . 145 

THE  OPTICAL  CONSTANTS  OF  SMOKE  MATERIALS  IN  THE  SUBMILLIMETER  AND 
MILLIMETER 

Larry  L.  Long,  Mark  A.  Ordal ,  Robert  J.  Bell  and  Ralph  W.  Alexander,  Jr .  167 

METALS  AND  GRAPHITE:  PREDICTING  OPTICAL  PROPERTIES  IN  THE  SUBmmx 
AND  nrtx  RANGES 


M.  A.  Ordal,  L.  L.  Long,  R.  A.  Paul,  R.  W.  Alexander,  Jr.  and  R.  J.  Bell  ....  179 

FAR-INFRARED  EXTINCTION  PROPERTIES  OF  METAL  POWDERS 


V.  P.  Tomaselll  and  K.  0.  Moeller . 207 

III.  OPTICAL  PROPERTIES  OF  AEROSOLS  .  215 

A.  Infrared  Emission  from  Aerosols 


INVESTIGATION  OF  THE  REACTION  BETWEEN  SINGLE  AEROSOL  ACID  DROPLETS 


AND  AMMONIA  GAS 

Glenn  0.  Rubel  and  James  W.  Gentry . . . 217 

IR  EMISSIVE  CLOUD  STUDY 

P.  Ase  and  A.  Snelson  .  223 


B.  Interaction  of  Radiation  and  Spherical  (Including  Layered)  Particles 


ON  POSSIBLE  EXPERIMENTAL  APPLICATION  OF  SOME  PROPERTIES  OF  THE  FIRST 
EXPANSION  COEFFICIENTS  OF  THE  PHASE  FUNCTION 

A.  Colettl . 225 

RADIATION  TORQUE  ON  A  SPHERE  ILLUMINATED  WITH  CIRCULARLY-POLARIZED 
LIGHT  ANO  THE  .ANGULAR  MOMENTUM  OF  THE  SCATTERED  RADIATION 

P.  L.  Marston  and  J.  H.  Crichton . 233 

TRANSMITTED-WAVE  AND  RAINBOW-ENHANCED  GLORIES  OF  DIELECTRIC  SPHERES* 

P.  L.  Marston  and  0.  S.  Langley . 239 


3 


i 


tr 

f-\ 

y 

♦_* 

,  * 

*/ 

k 

r> 

»*• 

k 


r. 

rm 

t: 

f. 

r- 


6 


OPTICAL  PROPERTIES  OF  AEROSOLS  (continued) 


B.  Interaction  of  Radiation  and  Spherical  (Including  Layered)  Particles  (continued) 

INFRARED  SPECTROSCOPY  OF  SINGLE  AEROSOL  PARTICLES 

S.  Arnold  and  A.  B.  Pluchlno . 241 

RAMAN  SPECTROSCOPY  OF  SINGLE  OPTICALLY  LEVITATED  DROPLETS 

T.  R.  Lettlerl,  R.  E.  Preston  and  M.  I.  Bell . 255 


C.  Workshop:  Nonlinear  Phenomena 

AEROSOL  INTERACTIONS  WITH  INTENSE  LIGHT  BEAMS 

R.  L.  Armstrong . 259 

PROBLEMS  IN  HEL  -  AEROSOL  INTERACTIONS 

Melvin  Lax . 273 


0.  Interaction  of  Radiation  and  Nonspherlcal  Particles  (Including  Aggregates) 


REAL-TIME  MEASUREMENT  OF  PARTICULATE  MASS  CONCENTRATION  BY  AIRBORNE 
SPECTROPHONES  -  A  FEASIBILITY  STUDY 

K.  Tennal ,  J.  D.  Wilson  and  M.  K.  Mazumder . 281 

SPECTROSCOPY  OF  MOLECULAR  CLUSTERS  AND  SMALL  PARTICLES  IN  SOLID 
ARGON  MATRICES 

Donald  R.  Huffman . 291 

ABSORPTION  AND  SCATTERING  BY  SMALL  PARTICLES;  STRUCTURE  OF  THE 
INTERNAL  AND  NEAR  FIELDS 

H.  Weil  and  T.  B.  A.  Senior . 295 

A  NEW  ITERATIVE  EXTENDED  BOUNDARY  CONDITION  METHOD  FOR  CALCULATING 
SCATTERING  AND  ABSORPTION  BY  ELONGATED  OBJECTS 

Magdy  F.  Iskander . 297 

COMPLETE  MUELLER  MATRIX  CALCULATIONS  FOR  LIGHT  SCATTERING  FROM  DIELECTRIC 
CUBES  OF  DIMENSIONS  OF  THE  ORDER  OF  A  WAVELENGTH 

Chla-Ren  Hu,  George  W.  Kattawar  and  Mark  E.  Parkin . 307 

EXTINCTION  BY  ROUGH  PARTICLES 

R.  T.  Wang . 315 

ANGULAR  SCATTERING  BY  ROUGH  PARTICLES 

R.  T.  Wang . 327 

SCATTERING  AND  DEPOLARIZATION  BY  CONDUCTING  CYLINDERS 
WITH  VERY  ROUGH  SURFACES 

Ezekiel  Bahar  and  Mary  Ann  Fltzwater . 365 

ANGULAR  SCATTERING  DISTRIBUTIONS  BY  LONG  COPPER  AND  BRASS  CYLINDERS  - 
EXPERIMENT  AND  THEORY 

A.  Cohen,  L.  0.  Cohen,  R.  Haracz ,  V.  Tomaselll,  J.  Colosl  and  K.  D.  Moeller  .  .  373 

RECENT  RESULTS  IN  THE  SCATTERING  AND  ABSORPTION  BY  ELONGATED 
CONDUCTIVE  FIBERS 

N.  E.  Pedersen,  J.  C.  Pedersen  and  P.  C.  Waterman . 385 

DIPOLE-DIPOLE  SCATTERING  INTERACTION  AND  ITS  RELATION  TO 
SEPARATION  IN  COATINGS  AND  CLOUDS 

D.  L.  Dye,  C.  D.  Capps,  C.  Gulacslk,  D.  H.  Holze  and  John  W.  Bond . 431 

DOUBLE  SCATTERING  FROM  CYLINDERS  AND  SPHEROIDS 

Richard  D.  Haracz,  Leonard  U.  Cohen  and  Ariel  Cohen  .  441 

ELASTIC  AND  INELASTIC  SCATTERING  OF  COLLOIDAL  PARTICLES 

Milton  Kerker . 449 

ABSORPTION  AND  SCATTERING  BY  AGGREGATED  AEROSOL  PARTICLES 

J.  R.  Aronson,  A.  G.  Emslle,  I.  Simon  and  E.  M.  Smith . 455 


Page 

III.  OPTICAL  PROPERTIES  OF  AEROSOLS  (continued) 

E.  Propagatlon/Multlple  Scattering  In  Aerosol  Media  and  Radiative  Transfer 

PROGRESS  IN  RESEARCH  ON  WAVE  PROPAGATION  AND  SCATTERING  IN 
DISCRETE  RANDOM  MEDIA  USING  MULTIPLE  SCATTERING  THEORY 

V.  K.  Varadan  and  V.  V.  Varadan . .  469 

RADIATIVE  TRANSFER  BY  CLOUOS  OF  CONDUCTIVE  FIBERS 

Peter  C.  Waterman,  Jeanne  C.  Pedersen  and  Norman  E.  Pedersen  .  477 

IMAGING  THROUGH  A  MULTIPLE  SCATTERING  MEDIUM 

A.  Zardeckl ,  S.  A.  W.  Gerstl  and  J.  F.  Embury . 491 

TRANSPORT  METHODS  FOR  ESTIMATING  SINGLE -SCATTER I NG  COEFFICIENTS  FROM 
REMOTE  OR  IN  SITU  MULTIPLY-SCATTERED  RADIANCE  MEASUREMENTS 

N.  J.  McCormick . 495 

ASSESSMENT  OF  AEROSOL  EXTINCTION  TO  BACKSCATTER  RATIO  MEASUREMENTS 
MADE  AT  694. 3nm  IN  TUCSON,  ARIZONA 

J.  A.  Reagan,  M.  V.  Apte,  A.  Ben-Oavld  and  B.  M.  Herman . 505 

INDEXES  FOR  PAPERS  IN  THESE  PROCEEDINGS  .  517 

A.  Index  of  Authors . 519 

B.  Index  of  Authors'  Organizations  .  521 


APPENDIXES . 523 

A.  Photographs  of  Conference  Attendees  .  525 

B.  List  of  Conference  Attendees . 531 

C.  Conference  Agenda  .  545 


8 


GENERATION  OF  MONODISPERSE  NONSPHBRICAI.  AEROSOL  PARTICLES 


K.  H.  Leong 

University  of  Illinois  at  II -C 
Urbana,  IL  61801 


ABSTRACT 

This  work  is  partly  an  extension  and  a  reevaluation  of  a  previous  study  on  the  morphology  of 
aerosol  particles  generated  from  the  evaporation  of  solution  drops  (J .  Aerosol  Sci.,  (1981),  12, 
417-435),  The  results  of  the  previous  and  later  work  are  used  to  demonstrate  the  feasibility  of 
using  a  vibrating  orifice  aerosol  generator  for  the  controlled  generation  of  monodisperse  aerosol 
particles  that  are  uniformly  nonspherlcal .  Crystal  habit  and  solubility  effects  are  discussed  in 
relation  to  the  two  primary  controlling  parameters:  the  nature  of  the  chemical  compound  used  as 

the  solute  and  the  evaporation  rate.  Single  crystals,  prolate  spheroids,  spheroids,  cenospheres  and 
shells  have  been  generated.  Further  work  to  define  the  range  of  particle  shapes  possible  is  in 
progress. 
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GAS-TO-PARTICLS  CONVERSION:  THE  KOLB  OP  PRE-EXISTING  DINERS  IN 
THE  FORMATION  OP  CLUSTERS  DURING  SUPERSONIC  EXPANSION 


R.  G.  Reeses  and  A.  W.  Caatleman,  Jr. 

Department  of  Chemistry 
The  Pennsylvania  State  University 
University  Park,  PA  16802 

ABSTRACT 

A  complete  rendition  of  thla  contribution  la  to  appear  In  a  paper  by  J.  J.  Breen,  K.  Kilgore,  K 
Stephan,  R.  Hofaann-Sievert,  B.  D.  Kay,  R.  G.  Kaeaee,  T.  D.  Hark,  and  A.  W.  Caatleman,  Jr.,  "The  Uee 
of  Similarity  Prof Ilea  lu  Studying  Cluatar  Formation  In  Molecular  Beams:  Evidence  for  the  Role  of 
Preexlatlng  Dime re,"  Cham.  Phye. ,  in  preaa.  Studlea  of  the  Influence  of  eource  teaperaturea  and 
press  .res  on  the  diatrlbutlona  of  inter,  ammonia,  and  aulfur  dioxide  duatera  are  reported.  The 
experiments  reveal  that  nearly  Identical  cluater  diatrlbutlona  occur  In  catea  where  the  preaaure  of 
dimer  la  maintained  constant  according  to  a  simple  equation  Involving  stagnation  temperature  and 
preaaure.  In  similar  experiments  covering  the  same  range  of  preaaurea  and  temperatures,  widely 
differing  cluster  distributions  are  obtained  under  conditions  where  the  dimer  concentration  Is  not 
fixed.  Our  results  suggeat  that  large  clusters  proceed  largely  frompre-exlstlng  dinars,  and  chat 
very  few  new  ones  are  created  early  enough  In  the  expansion  to  effect  cluster  growth.  The  gas-phase 
heat  of  dlmerlsatlon  of  sulfur  dioxide  Is  determined  to  be  4.3  ±  0.3  kcal/mole. 

INTRODUCTION 

At  the  present  time  there  Is  widespread  Interest  In  the  formation  and  properties  of  small 
aggregates  of  molecules  (1,2).  These  systems  conatltute  a  form  of  matter  having  properties  between 
those  of  an  Isolated  gas-phase  molecule  and  the  bulk  condensed  state.  Study  of  their  formation  and 
properties  la  an  attractive  method  of  following  the  continuous  course  of  change  of  matter  from  the 
gaseoua  to  the  condensed  phase,  elucidating  nucleatlon  and  solvation  phenomena,  and  shedding  light 
on  certain  problems  In  the  field  of  surface  science  (2,3). 

In  addlclon  to  theae  aspects  of  cluster  properties,  there  Is  a  strong  interest  In  their 
formation  processes  where  fundamental  questions  arise  concerning  the  Initial  stages  of  nucleatlon 
and  growth.  More  specifically,  the  interest  is  in  the  Initial  collision  partners  and  the  rate 
limiting  step  In  the  clustering  reaction  scheme.  Cluster  growth  is  thought  to  proceed  Initially  via 
a  three-body  association  reaction.  In  this  scheme,  two  particles  collide  and  form  an  activated 
complex  until  a  third  body  removes  the  excess  energy  and  stabilizes  the  complex  via  another 
collision.  Recently,  considerable  attention  has  been  given  to  the  role  of  the  dimer  in  cluster 
growth.  Andres  et  el.  (4)  have  used  a  multiple  expansion  cluster  source  to  obtain  condensation 
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accommodation  coefficient*  for  nur  cluster*  up  to  the  triaer.  Their  reeulte  indicate  that  the 
formation  of  the  larger  clustera  f roi  the  diner  ia  considerably  more  facile  than  the  formation  of 
the  dinar  fron  the  no none r .  In  another  experiment  Ellenbroek  et  el.  (5)  found  that  when  a  fraction 
of  the  hydrogen  fluoride  diners  in  a  cluster  bean  are  vibratlonally  dissociated  with  the  output  of  a 
hydrogen  fluoride  laser,  many  of  Che  larger  clusters  disappeared.  These  findings  suggest  that  the 
initial  amount  of  diners  stay  have  a  strong  Influence  on  the  amount  and  site  distribution  of  large 
clusters.  In  accord  with  these  ideas  we  set  out  to  examine  homogeneous  cluster  distributions  over  a 
varied  set  of  stagnation  conditions  to  examine  the  role  of  pre-exlatlng  diners  on  the  cluster 
distributions  observed  in  an  edisbatlc  expansion. 

This  paper  reports  the  results  of  studies  of  the  influence  of  source  tenperature  and  pressure 
on  the  distribution  of  clusters  formed  in  a  molecular  beam.  Determination  of  the  factors  governing 
the  similarity  profiles  of  cluster  distributions  has  led  to  additional  insight  into  the  mechanisms 
responsible  for  the  early  stage  of  cluster  formation  and  growth. 

EXPERIMENTAL 

Although  these  experiments  have  been  performed  over  a  lengthy  tine  period  in  which  the 
apparatus  has  undergone  some  changes,  the  main  elements  have  remained  the  same.  The  details  are 
described  elsewhere  (6-6).  Briefly,  it  consists  of  a  supersonic  nozzle,  the  nozzle  exhaust  chamber, 
two  differential  punping  chambers,  and  a  detection  chamber  housing  a  quadripole  mass  spectrometer. 
The  nozzle  exhaust  chamber  Is  separated  from  the  differential  pumping  chamber  by  a  conical  skimmer 
(Beam  Dynamics  Model  II)  having  either  e  O.S  an  or  a  1.0  tin  diameter  aperature.  Typical  operating 
pressures  are  lxl0~^*  torr  in  the  exhaust  chamber,  lxl0~&  and  1x10“^  torr  in  the  differential  pumping 
chambers,  and  2x10”^  torr  In  the  detection  chamber.  Mass  analysis  is  accomplished  with  an  electron 
Impact  mass  spectrometer  (Granville  Phillips  Spectrascsn  750).  Data  are  acquired  using  a 
multichannel  seeling  technique  In  which  the  data  was  stored  and  displayed  with  a  multichannel 
analyzer  (Ino-Tech  model  no.  5300). 

The  stagnation  chamber  is  constructed  from  glass  tubing  and  a  roundbottom  flask;  the  total 
volume  is  approximately  one  liter;  heating  is  performed  reslstlvely.  The  temperature  in  the  chamber 
la  monitored  with  two  Chromel/Alumel  thermocouples  and  an  electronic  zero  point  reference  (Omega 
Electronics).  One  thermocouple  is  placed  et  the  rear  of  the  stagnation  chamber  and  the  other  is 
pieced  near  the  tip  of  the  nozzle.  Temperatures  are  maintained  constant  within  a  range  of  one 
degree  Celsius.  Tht  stagnation  pressure  is  monitored  with  either  s  Bourdon-type  gauge  (Mathsson 
model  no.  63-5601)  or  e  Beretron  capacitance  manometer  (model  no.  310-CH).  In  either  case  the 
stagnation  pressure  is  maintained  constant  to  within  ten  torr. 
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Aaaonla  and  sulfur  dioxide  ere  anhydrous  grade  and  obtained  f roe  local  suppliers.  Both  are 
used  without  further  purification.  Water  la  obtained  froe  the  buildings  deionised  water  syaten. 
Various  slsed  nossles  were  used  In  the  experlaents  ranging  from  100  to  300  pa  in  diaaeter.  These 
were  convergent  glass  tubes  that  Incorporated  an  annular  heating/ cooling  jacket  around  the  entire 
source  asseebly.  The  details  are  given  In  Reference  9. 


During  the  course  of  experlaents  on  cluster  distributions,  we  noted  that  the  distributions  are 
often  quite  slallar  under  widely  differing  source  conditions,  but  In  other  caees  quite  different 
with  only  soae  relatively  minor  changes  In  source  conditions  (9,10).  The  present  study  was 
undertaken  to  establish  whether  dlaers  eight  be  the  primary  species  Initiating  cluster  formation  In 
tne  experlaents  sod,  more  Importantly,  whether  fixing  the  dlaer  concentration  might  lead  to 
Identical  cluster  distributions. 

The  basis  for  Investigating  the  Importance  of  dimers  is  as  follows: 

2A  -  A2  •  (1) 


An  equilibrium  constant  can  be  written  and  related  to  the  standard  enthalpy  and  entropy  change  of 
dimeritation,  AH*  and  AS*,  respectively.  Assuming  that  the  fugadty  of  a  species  Is  approximated  by 
Its  partial  pressure, 


K  -  ?K  P°/PA2  -  exp[-(AH°  -  TAS*)/RT] 


Here,  P*  is  the  standard  state  pressure  taken  to  be  one  atmosphere.  In  experiments  In  which  the 
dimer  pressure  was  maintained  constant,  but  both  nozzle  and  source  temperature  were  varied, 
thermodynamic  properties  of  the  dimer  system  could  be  utilized  to  ascertain  appropriate  conditions 
for  maintaining  the  same  dimer  partial  pressure,  P^  , 


where  Pg  refers  to  the  monomer  pressure,  T0  the  stagnation  temperature,  and  the  prime  designates  a 


different  source  condition.  For  the  dimer  partial  pressure  (Pg^)  to  remain  fixed  as  the 
stagnation  conditions  are  changed  from  (Pg,T0)  to  (Pg' .T0')  the  relationship 
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2  B  lT0  T0,J  ’ 


(4) 


must  be  satisfied 


TEMPERATURE  DEPENDENCE  OP  CLUSTER  DISTRIBUTIONS:  WATER  AND  AMMONIA  SYSTEMS 

By  changing  the  temperature  of  tha  nozzle ,  It  la  possible  to  strongly  influence  the 
distribution  of  clusters  observed .  In  an  atteapt  to  determine  the  role  played  by  the  concentration  of 
dimers  existing  in  the  pre-expanded  gas  in  determining  the  final  observed  cluster  distribution,  the 
cluster  distributions  were  measured  for  a  variety  of  different  stagnation  conditions.  The  only 
constraint  imposed  upon  the  stagnation  conditions  (T0,P0)  was  that  the  equilibrium  partial  pressure 
of  the  dimer  remain  fixed  as  the  stagnation  conditions  were  varied. 

The  value  of  luterest  Is  the  relative  intensity  change  with  temperature  and  pressure  of  the 
observed  ionised  cluster  distributions.  An  Important  fact  to  note  Is  that  In  the  present  studies, 
the  degree  of  fragmentation  of  the  neutrel  clusters  upon  lonisetion  is  immaterial  since  the  ionised 
cluster  distribution  Is  used  only  to  monitor  shifts  in  the  distribution  of  the  precursor  neutral 
clusters.  In  the  case  of  water  and  ammonia,  the  observed  ions  are  the  protonated  species  H*(H20)n 
and  lf*'(NH3)0. 

Figure  1  displays  the  resultant  cluster  distributions  measured  for  the  expansion  of  neat  water 
vapor  through  a  100  undlameter  nozzle  at  various  stagnation  conditions.  The  various  stagnation 
conditions  (P^^.T^)  sat^B^y  Equation  (4)  when  using  the  theoretically  predicted  (11)  value  for 
AH°  (-6  kcal/mole).  The  duster  distributions  for  various  stagnation  conditions  are  essentially 
indistinguishable,  as  Is  clearly  displayed  in  tha  figure.  Figure  2  displays  the  resultant  cluatar 
distributions  when  the  stagnation  conditions  are  arbitrary.  Tha  difference  between  the  two 
distributions  in  Figure  2  Is  readily  discernible. 

An  analogous  study  of  ammonia  cluster  distributions  was  made  using  the  literature  value  (12) 
for  the  dimerization  enthalpy  (AH°  ■  -4.5  kcal/mole).  Figure  3  displays  the  resultant  duster 
distributions  for  the  expansion  of  neat  ammonia  vapor  through  a  100  urn  diameter  nozzle.  The  various 
stagnation  conditions  have  a  constant  (NHj^  partial  pressure  behind  the  nozzle  according  to 
Equation  (4).  In  these  experiments  with  somonis  the  temperature  was  varied  over  a  range  of  -25*C  to 
10’C  while  the  pressure  was  varied  from  4tt0  torr  to  760  torr.  Yet,  the  cluster  distributions  are 
virtually  Identical. 

Again,  when  the  stagnation  conditions  are  readonly  changed,  the  resultant  duster  distribution 
displays  noticeable  differences.  The  results  support  the  hypothesis  that  pre-axistlng  dimers  from 
the  stagnation  chamber  control  the  development  of  the  cluster  distribution  during  expansion,  at 
least  for  the  range  of  conditions  examined  In  the  present  work. 


CLUSTERS  or  SOj  AND  THE  ENTHALPY  OF  DIMERIZATION 
In  che  cut  of  sulfur  dioxide  Che  present  authors  know  of  no  reliable  value  for  the  heat  of 
dimerization.  In  view  of  the  success  of  reproducing  cluster  distributions  for  water  and  ammonia 
expansions  under  varying  stagnation  conditions  by  controlling  the  partial  pressure  of  pre-existing 
diners,  the  procedure  was  reversed  for  sulfur  dioxide.  Plret,  an  expansion  was  conducted  at  25*C 
and  500  torr  as  a  reference.  Next,  a  series  of  expansions  were  then  made  at  65’C  with  ths 
stagnation  pressures  adjusted  at  values  corresponding  (via  Equation  (4))  to  heats  of  dlnerlsatlon 
ranging  fro*  3  to  6  kcal/mole.  Por  sulfur  dioxide  the  isaln  series  is  (S02)n+  but  *  SO+(S02)n 
is  also  observed.  The  distributions  obtained  with  stagnation  pressures  corresponding  to  4  kcal/eole 
resulted  In  fairly  good  agreement  with  the  reference  distribution.  As  a  further  test,  the 
stagnation  conditions  were  changed  to  45®C  and  8S*C  with  tiie  corresponding  pressures  620  torr  and 
680  torr.  Again,  the  distribution  profiles  matched  well  with  the  reference  profile  and  st  85*C  we 
were  able  to  bracket  the  heat  of  dliserisatlon  between  4  and  4.5  kcal/mole  as  is  readily  seen  from  a 
comparison  of  tabulated, measured  Intensities  relative  to  the  reference  case,  as  depicted  In  Table  1. 
Thua,  the  enthalpy  change  for  dliserisatlon  of  sulfur  dioxide  la  determined  to  be  -4.3  1  0.3 
kcal/mole. 

Finally,  argon  was  tested  In  s  similar  manner  to  the  aulfur  dioxide.  The  result  was  that  the 
heat  of  dlmerltatlon  of  ergon  Is  too  small  to  be  employed  by  our  method.  The  expected  value  Is 
about  0.3  kcal/mole  (13)  and  limitations  of  the  apparatus  prevent  Investigation  over  the  wide  range 
of  stagnation  conditions  required  to  determine  such  a  small  heat  of  dlmerltatlon. 

DISCUSSION  AND  CONCLUSION 

Clusters  formed  lc  an  expending  free  Jet  must  grow  by  association  kinetics;  further  growth 
steps  require  substantial  cooling  by  collision  with  a  third-body  in  the  expending  Jet.  The  growth 
le  inhibited  If  the  clutters  become  vibratlonslly  hot  through  energy  release  In  successive  addition 
steps,  or  by  spontaneous  internal  raorganlxation  of  cluster  structures  giving  rise  to  additional 
hydrogen  bonds  within  che  complex.  Therefore,  clusters  can  decompose  by  unimolecular  decay 
procaeses  If  further  cooling  collision*  do  not  take  place  during  the  time  domain  for  unimolecular 
decomposition.  Consequently,  the  formation  of  new  dimers  Is  an  Inherently  slow,  rate  determining 
step. 

The  result*  of  the  present  study  demonstrate  that  identical  cluster  distributions  can  be 
obtained  In  supersonically  expanding  Juts  under  widely  different  expansion  conditions  whan  the 
absolute  quantity  of  dimers  was  maintained  fixed  while  the  nozzle  temperature  and  expansion  pressure 
were  substantially  varied  over  a  range  of  values. 


The  advantage  of  the  present  method  In  studying  be ana  la  several  fold.  Plrst,  through  the 
Investigation  of  similarity  profiles,  the  Influence  of  cluster  fragmentation  la  obviated  within  the 
assumption  that  It  is  not  appreciably  affected  by  source  teeparature.  Only  the  response  of  the 
distribution  to  changing  source  parameters  Is  considered  and  there  is  no  necessity  of  determining 
absolute  ratios  between  cluster  species  and  particularly  between  monomer  and  dimer  which  may  be 
subject  to  considerable  Influence  due  to  fragmentation  problems.  Furthermore,  obtaining  similar 
cluster  distributions  overcomes  the  problem  of  ascertaining  what  fraction  of  the  measured  dimer  is 
attributable  to  that  pre-existing  In  the  source  and  what  portion  Is  due  to  the  formation  of  new 
dimers  during  the  course  of  the  expansion. 
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TABLE  1 

COMPARISON  OF  NORMALIZED  CLUSTER  INTENSITIES  AS  A 
FUNCTION  OP  ASSUMED  HEAT  OF  DIMERIZATION 
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INTENSITY  vs.  CLUSTER  SIZE 
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FIGURE  1.  LINEAR  PLOT  OF  H+(H,0)N  CLUSTER  INTENSITY  VERSUS 
CLUSTER  SIZE  FOR  VARIOUS  STAGNATION  CONDITIONS.  Each  distri¬ 
bution  has  ths  sans  prs-axpanslon  partial  pressure  of 

<h2o)2. 


H*(H^O)n  INTENSITY  vs.  CLUSTER  SIZE 


FIGURE  2.  LINEAR  PLOT  OF  H+(H20)H 
CLUSTER  INTENSITY  VERSUS  CLUSTER 
SIZE  FOR  STAGNATION  CONDITIONS  HAVING 
DIFFERENT  PRE-EXPANSION  PARTIAL 
PRESSURES  OF  (H20)2. 
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AEROSOL  PLUME  MECHANICS  AND  PARTICLE  GROWTH  PROCESSES 

J.  R.  Brock,  T.  H.  Tsang,  and  S.  G.  Kim 
Chemical  Engineering  Department 
University  of  Texas 
Austin,  Texas  78712 

ABSTRACT 

Work  under  Contract  3AAK11-83-K-0006  for  the  past  year  Is  outlined.  Six  areas  of  research 
under  the  project  title,  "Aerosol  Plume  Mechanics  and  Particle  Growth  Processes",  are  listed.  (1) 
Development  of  aerosol  plume  dispersion  models  which  In  a  K-theory  model  Incorporate  the  processes 
of  dispersion,  advectlon,  dry  deposition,  gravitational  settling,  coagulation,  and 
condensation/evaporation.  (2)  Theoretical  Investigation  of  particle  formation  and  growth  by  nuclea- 
tlon,  condensation  and  coagulation.  (3)  Experimental  Investigations  of  growth  of  multi-component 
oil  aerosols  In  a  laminar  coaxial  Jet.  (4)  Generation  and  growth  of  ferromagnetic  and  other  solid 
aerosols.  (5)  Non-linear  laser  interaction  with  aerosol  particles.  (6)  Particle  deposition, 
sorption  and  removal  processes.  Summaries  of  work  In  these  areas  are  given.  Some  of  this  work  has 
been  presented,  published  and  submitted  for  publication  as  follows: 
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INTRODUCTION 

Work  under  this  contract  Is  Intended  to  add  to  the  technological  base  of  the  U.S.  Army's 
programs  In  e.m.  radiation  obscuration,  aerosol  technology  and  chemical  detection.  Identification 


The  efficiency  of  an  aerosol  obscurant  for  electromagnetic  radiation  depends  on  many  factors 
Including  particle  size,  shape,  composition  and  concentration.  For  an  obscurant  In  the  atmosphere, 
particle  size,  shape,  composition,  and  concentration  are  determined  by  the  processes  of  particle 
generation  and  growth  as  well  as  the  advectlon,  dispersion  and  other  processes  of  atmospheric  motion. 
While  some  qualitative  features  of  these  various  processes  are  recognized,  our  knowledge  Is  incom¬ 
plete.  Improvements  In  aerosol  obscurant  technology  must  depend  In  part  on  development  of  the  basic 
knowledge  of  the  various  processes  cited  above. 

Host  aerosol  obscurants  are  generated  by  the  condensation  of  atomic  or  molecular  species 
Initiated  by  a  nudeatlon  process.  The  description  of  this  process  remains  today  as  one  of  the 
unsolved  classic  problems  of  physics.  Subsequent  to  their  formation  by  nucleatlon,  the  stable 
particles  grow  by  coagulation  and  condensation/evaporation  processes.  For  liquid  particles  of  a 
single  chemical  species  which  coalesce  on  collision,  these  processes  for  restricted  homogeneous 
systems  can  be  described  quantitatively.  However,  even  In  this  limited  case,  this  has  only  recently 
been  done.  For  particles  that  do  not  coalesce  on  collision,  no  general  theory  Is  available.  Such 
particles  will  form  larger  particles  with  complex  morphology  -  chains,  branched  structures,  random 
aggregates,  etc.  -  whose  description  in  the  context  of  a  dynamic  model  has  not  yet  been  achieved. 
When  the  aerosol  Is  formed  from  a  mixture  of  chemical  species,  the  problems  cited  above  for  single 
component  aerosols  are  compounded.  The  study  of  the  evolution  of  aerosol  mixtures  Is  only  In  Its 
Initial  stages. 

When  aerosol  obscurants  are  formed  In  the  atmosphere,  the  formation  and  growth  processes 
discussed  above  will  occur  In  a  turbulent  environment.  First  these  processes  take  place  In  tur¬ 
bulence  produced  by  the  obscurant  generation  device.  Then,  atmospheric  turbulence  takes  over,  and 
the  subsequent  evolution  occurs  In  this  environment.  The  description  of  turbulence  also  remains  as 
one  of  the  unsolved  classical  problems  of  physics.  While  qualitative  descriptions  of  aerosol 
evolution  In  a  turbulent  environment  are  available  In  special  cases,  no  general  quantitative  des¬ 
cription  Is  currently  available.  Only  empirical  descriptions  of  limited  validity  can  be  found  In 
the  literature.  The  evolution  of  an  aerosol  In  an  atmospheric  plume  Is  a  complex  process  whc  e 
average  characteristics  have  only  recently  been  studied  quantitatively. 

The  technology  for  chemical  identification,  detection  and  warning  must  take  Into  account  the 
interactions  between  vapor  and  the  aerosol  phase.  This  Is  an  area  that  Is  currently  poorly  under¬ 
stood. 

Summarized  below  are  a  few  examples  of  work  underway  through  contract  DAAK11-83-K-0006.  The 
references  listed  In  the  abstract  should  be  consulted  for  details  of  some  cf  the  work  done  this  past 


AEROSOL  PLUME  MODELS 


Previous  work  we  have  carried  out  on  models  Incorporating  the  aerosol  processes  of  coagulation, 
gravitational  sedimentation  and  dry  deposition  has  been  described  earlier  (e.g.  1,  2,  3).  We 
recently  completed  a  study  of  the  dispersion  of  a  plume  of  volatile  aerosol.  We  have  studied  the 
evolution  of  the  particle  distribution  function  n(m,x,z,t)  In  a  cross  wind  line  source.  n(m,x,2,t) 
dm  Is  the  number  of  particles  having  masses  In  the  range  m,dm  at  downwind  position  x  at  height  z  at 
time  t.  The  evolution  equation  Is 

3n(m,x,z,t)  3n{m,x,z,t]  a 

-  ♦  U(z)  C  -  ]  ♦  -  [  ?  (m,s)n(m,x,z,t)] 

3 1  3x  3m 

3  sn(m,x,z,t)  3  n(m,x,z,t) 

•  _  k(z)  [  -  ]  ♦  Gz(m)  [  -  ].  (1) 

32  32  32 

This  equation  Is  coupled  to  the  conservation  equation  for  the  vapor,  which  we  give  in  terms  of  the 
saturation  ratio  s: 

3s(x,2,t)  3s(x,z,t)  3  3s(x,2,t)  i 

-  ♦  u ( 2 )  [  -  ]  =  -  K(2)  [  -  ] - /  Y  (m,s)n(m,x,z,t)dm.  (2) 

32  3x  3z  32  cv  0 

Equations  (1)  and  (2)  are  subject  to  the  following  initial  and  boundary  conditions: 


n{m,x,2,0)  *  0. 

s(x.z.O)  *  0, 

(3) 

n(m,0,h,t)  ■  [Q0/U(h)]  6(2-h)f{m), 

(4) 

S (0 ,h, t)  «  1.0, 

<5) 

3n(m,x,H,t)  3s(x,H,t) 

•  -  0, 

32  3  2 

(6) 

nVd(m)  ■  Kan/az,  2=0 

(7) 

3s/32  "0,  2  =  0 

(8) 

U(z)  Is  the  x  component  of  the  mean  fluid  velocity,  and  K(z)  Is  the  vertical  eddy  dlffuslvity. 

Gz(m)  Is  the  gravitational  settling  speed  for  a  particle  of  mass  m.  Qq  Is  the  source  strength,  h 
Its  height,  and  f(m)  the  source  size  distribution.  H  is  the  mixing  height.  V^fm)  Is  the  Deposition 
velocity  of  a  particle  with  mass  m. 

Y(m,$)  Is  the  condensation/evaporation  growth  law  for  a  particle.  We  use  the  following  ap¬ 
proximate  expression,  due  to  Fuchs  and  Sutugln  (1971): 
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...  ...  „  1 ,33Kn*0,71  _1 

v(m,s)  ■  4iKV4irpp)l/3  OgjW1/3cy(s-eICe)  (1  ♦  — — - - ) 


1  +  Kn 


(9) 
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where  the  diffusion  coefficient  Ogj  of  vapor  j  In  host  gas  Is  related  to  the  mean  molecular  speed  vj 
and  the  mean  free  path  tj  by  Ogj  •  1/2  VjL j.  In  Eq.  (9),  Pp  is  the  particle  density;  Kn  the  Knudsen 
number,  Kn  »  2L j/0p;  and  0p  Is  the  particle  diameter.  The  saturation  ratio  s  •  c/cv,  where  c  Is  the 
vapor  mass  concentration  and  cy  is  the  vapor  mass  concentration  corresponding  to  the  bulk  liquid 
vapor  pressure  at  plume  temperature  T.  Ke  Is  the  Kelvin  number,  Ke  »  4rv/Dp<  T.  y  Is  the  surface 
tension,  v  the  particle's  molecular  volume,  and  kT  the  thermal  energy. 

Some  of  the  Important  observables  of  n(m)  are  the  total  particle  number  concentration  N, 

N  »  n{m)(*n; 

the  particle  mass  concentration  M, 

M  -  £  mn(m)dm; 

and  the  total  extinction  coefficient  °€xt»  obtained  from  the  normalized  extinction  efficiency  Qext 
(Kerker,  1969): 


•*•1 


°ext  “  ( 
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4nPr 


S;  0extn^^3n (m)dm. 
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The  numerical  solution  of  the  coupled  Integro-partlal  differential  Eqs.  (1)  and  (2)  presents  a 
challenging  problem.  The  simultaneous  solution  by  an  implicit  numerical  scheme  using  a  matrix 
technique  for  104~105  unknowns  Is  no  trivial  task.  In  this  work  the  method  of  fractional  steps  is 
used  In  the  simulation.  Advectlon,  diffusion,  and  evaporation  are  Included  as  follows: 

1.  Solve  the  advectlon  and  diffusion  equation  Jmax  times,  where  Jmax  the  number  of  size 
classes. 

2.  Solve  the  evaporation  equation  by  LFEM  at  each  grid  point. 

3.  Solve  the  advectlon  and  diffusion  equation  for  s. 

4.  Calculate  the  Integral  term  in  Eq.  (2),  which  Is  a  source  term  for  vapor  dje  to  evapora¬ 
tion,  and  update  the  saturation  ratio  at  that  grid  point. 

If  the  saturation  ratio  of  the  vapor  does  not  change  with  position  -  that  is,  is  constant  - 
procedures  3  and  4  are  not  necessary.  The  method  of  fractional  steps  just  outlined  decouples  Eqs. 
(1)  and  (2).  The  explicit  nature  of  procedure  4  does  not  pose  a  problem,  because  the  source  term  Is 
counterbalanced  by  the  dilution  effect  of  advectlon  and  diffusion. 
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We  have  demonstrated  that  dispersion  of  a  plume  of  volatile  aerosol  can  be  simulated  numerical* 
ly  by  the  methods  outlined.  For  the  special  case  where  an  analytical  solution  Is  possible,  It  has 
been  shown  that  the  numerical  solution  converges  to  the  analytical  solution  with  a  reduction  In  step 
size;  consequently  the  error  In  numerical  simulation  can  be  reduced  to  any  desired  level.  In  these 
comparisons,  the  validity  of  the  method  of  fractional  steps  has  been  proven  with  the  attendant 
advantage  over  fully  Implicit  schemes.  From  these  and  other  studies  It  has  been  demonstrated  that 
the  finite-element  method  using  linear  basis  functions  and  natural  boundary  conditions  yields  ac¬ 
curate  numerical  solutions  for  the  evaporation  process. 

With  the  methods  described  In  part  here,  many  Interesting  problems  In  aerosol  dynamics  can  now 
be  studied.  We  plan  to  present  elsewnere  simulations  of  dispersion  of  plumes  In  which  both  coagula¬ 
tion  and  various  condensatlon/evaporat^on  processes  occur.  It  would  also  be  of  Interest  to  extend 
these  procedures  to  other  problems  such  as  the  rapid  condensation/evaporation  processes  In  nonlso- 
thermal  plumes,  a  problem  of  some  Importance. 

PARTICLE  GROWTH  PROCESSES 

Ostwald  Ripening 

Subsequent  to  their  appearance  by  homogeneous  nucleatlon  from  a  monomer,  particles  grow  by 
coagulation  and  condensation/evaporation  processes.  Such  growth  by  condensation/evaporation  has 
been  termed  “Ostwald  ripening."  We  have  carried  out  numerical  Investigations  of  this  process  and 
have  noted  specific  limitations  Inherent  In  previous  work  by  others  on  this  problem. 

In  Ostwald  ripening  by  condensation/evaporation,  the  evolution  equation  for  th«  particle  size 
distribution,  n(x,t).  In  an  Isothermal,  uniform  system  Is 

3n(x,t)  3 

-  *  -  C^(*.t)n(x,t)3 ,  (1) 

3t  3x 

where 

<H*.t)  •  A(x)[s-exp(K/xl/3)],  (2) 

n(x,t)  Is  the  number  of  particles  with  mass  x  per  unit  volume  at  time  t;  ip  Is  the  growth  rate  of  a 
particle  (mass  per  unit  time).  Equations  (1)  and  (2)  are  appropriate  for  describing  the  condensa¬ 
tion/evaporation  process  for  dilute  monomer  vapor  In  Inert  host  gas.  In  (2)  s  Is  the  supersatura¬ 
tion  ratio;  K/x*/3  Is  the  Kelvin  number,  where  K  ■  (And/3)^3  2dy/icT,  with  o  the  surface  tension,  y 
the  molecular  volume,  <T  the  thermal  energy,  and  d  the  mass  density  of  a  droplet. 
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The  form  of  A(x)  depends  on  the  growth  law.  For  continuum  growth: 


Ac(x)  «  2nOpDCv  e  (^x1 


For  kinetic  (free  molecule)  growth: 


Ak(x)  "  —  "Dp2  (  —  }1/2  Cv  «  akx2/3.  (4) 

4  irm^ 

Here,  m^  Is  the  monomer  molecular  mass  and  <T  the  thermal  energy. 

Equation  (1)  Is  coupled  to  the  conservation  equation  for  monomer: 

d$  ,  ,  t 

Cv  —  »  -  /  4<(x,t)n(x,t)dx  -  x  ^  (x  ,t)n(x  ,t),  (5) 

dt  x* 

x*  Is  the  mass  of  the  smallest  particle  that  obeys  the  growth  law,  Eq,  (2). 

Two  Important  moments  of  n(x,t)  are  the  total  particle  number  concentration.  Mg,  and  mass 
concentration,  Mj.  From  (1)  and  (5): 

—  *  4>(x*,t)n(x#,t).  (6) 

dt 

d 

-  (Cvs  ♦  M^}  »  0.  (7) 

dt 

Equation  (7)  reflects  the  conservation  of  total  mass  concentration. 

Equations  (1)  and  (5)  constitute  a  nonlinear  Integrodlfferentlal  equation  for  n(x,t).  The 
asymptotic  properties  of  (1)  and  (5)  with  the  linearization: 

exp(K/xl/3)  *  1  ♦  K/x1/3  (8) 

and  x*  ■  0,  were  apparently  first  Investigated  correctly  by  llfschitz  and  Slyozov,  1958  (LS); 
subsequent  Investigations  have  not  modified  the  IS  results.  Asymptotic  solutions  are  obtained  In 
terms  of  the  similarity  variables: 

t  *  3  In  (Dp/DpC(t) ) , 

P  “  0p/0pC, 

t  Is  Implicitly  related  to  t  through  the  dependence,  0pC(t).  Dpc  Is  the  critical  particle  diameter 
separating  the  regions  of  evaporation  and  condensation.  From  (2): 

0pC  ■  Acry/icTlns  (9) 

or,  with  the  linear  approximation,  Eq.  (8): 

Opc  “  /<T(s*l) . 

The  distribution  Is  transformed  with  the  assumption  that  asymptotically  (t~> o): 


n(x,t)  -  (2/trd)  Mg^WpJ/DpcDp2 
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For  the  continuum  growth  lew:  A(x)  »  x^3,  end  the  IS  result  Is 

33e 

P(p)  -  ^73  exp  [-l/(l-2p/3)]/(p+3)7/3(3/2-p)H/3  (11) 

and  Mg  <*  1/t,  valid  for  the  linearization,  Eq.  (8). 

For  kinetic  (free  molecule)  growth:  A(r.)  ^  x*/3,  and  It  Is  easy  to  show  that 

P(p)  -  24p«xp[-3/(2-p)]/(2-p)5  (12) 

and  Hg(t)  *  t'3^,  val Id  for  the  linearization,  Eq.  (8). 

From  numerical  studies  of  the  condensation/evaporation  problem  with  vapor  conservation,  we 
conclude  the  following: 

1.  Starting  with  some  arbitrary  Initial  distribution,  for  long  times,  an  asymptotic  limit  dls* 
trlbutlon  Is  approached  which  agrees,  for  the  linearized  Kelvin  term,  with  the  analytical 
similarity  solutions  for  continuum  and  kinetic  (free  molecule)  growth  laws.  At  this  asymptotic 
limit,  details  of  the  Initial  distributions  are  completely  "forgotten.* 

2.  The  time  evolution,  starting  with  some  arbitrary  Initial  distribution.  Involves  two  epochs.  In 
the  first,  the  total  number  concentration  remains  sensibly  constant.  In  the  second,  particles 
begin  to  be  lost  from  the  distribution  and  the  rate  of  decrease  of  total  particle  concentration 
approaches  that  predicted  by  the  asymptotic  similarity  theory. 

3.  The  time  necessary  to  achieve  the  asymptotic  similarity  solutions  for  continuum  and  kinetic 
(free  molecule)  growth  laws  Increases  with  Increasing  dispersion  In  Initial  particle  size 

distribution. 

4.  For  long  times,  the  differences  In  the  distributions  resulting  from  use  of  nonlinear  and  linear 
Kelvin  terms  (Eqs.  (2)  and  (8))  <n  the  growth  law  are  confined  to  a  boundary  region  near  x*, 
outside  of  which  the  distributions  are  very  nearly  Identical. 

5.  As  Is  Implicit  In  the  similarity  theory  development,  no  unique  asymptotic  limit  distribution 
occurs  in  the  transition  region  of  Knudsen  numbers.  This  Is  borne  out  by  cur  numerical  Simula* 
tlcns  using  transition  region  growth  laws. 

6.  For  conditions  where  coagulation  may  be  neglected.  It  does  not  appear  to  be  necessary  to 
Include  competitive  effects  In  describing  aerosol  growth  by  condensation/evaporation. 

Ostwald  Ripening  with  Coalescence 

Numerous  studies  have  been  concerned  with  the  asymptotic  stages  of  growth  by  condensation/eva¬ 
poration  of  droplets  or  particles  following  their  appearance  by  a  homogeneous  nucleatlon  process. 
Comparatively  less  attention  has  been  given  the  associated  problem  of  growth  when  both  condense* 


tlon/eveporatlon  and  coalescence  occur.  For  aerosols  wo  hove  carried  out  the  first  quantitative 
study  of  the  Ostwald  ripening  problem  with  a  realistic  coalescence  process. 

We  have  Investigated  the  Isothermal  spatially  homogeneous  growth  of  particles  suspended  In 
supersaturated  monomer  vapor  and  Inert  host  gas.  The  process  Is  described  by  the  evolution  equation 
for  the  singlet  density  function  n(x,t): 

■  - ♦  —  C'Kx,s)n(x,t)]  ■  jd1/*  b(x-x* ,x‘ )n(x-x* ,t)n(x'  ,t)dx’  -  n(x,t)  /*  bU’.xJntx'.tJdx*  (1) 
at  3x  ^  Jr 

where  n(x,t)dx  Is  the  number  of  particles  having  masses  In  the  range  x,dx  at  time,  t.  ^(x,s)  Is  the 
growth  law  for  a  particle  by  the  condensation/evaporation  process  and  b(x',x)  Is  the  coalescence 
rate  coefficient  for  two  particles  of  masses  x*  and  x.  x*  is  the  mass  of  the  smallest  particle  In 
the  population  and  s  Is  the  supersaturation  ratio  of  monomer  vapor.  We  do  not  consider  here  com¬ 
petitive  growth  effects,  as  the  theory  for  this  Is  lacking  when  coalescence  Is  significant. 

Equation  (1)  Is  coupled  to  the  mass  conservation  equation  for  monomer  vapor: 


CV  ~ 


♦(*.s)n(x,t)dx  -  x%(x*,s)n(x*,t) 


where  Cy  Is  the  equilibrium  bulk  vapor  concentrations. 
Equations  (1)  and  (2)  obey  the  mass  conservation 

d 

-  (Cvs  ♦  Mj)  •  0 


where  Mj  •  / „  xn(x,t)dx  Is  the  mass  concentration  of  particles.  An  important  additional  moment  of 
n(x,t)  Is  the  total  number  concentration,  N(t)  ■  /*  n(x,t)dx.  It  follows  from  Equation  (1)  that: 

(JN 

—  -  ^(x*,s)n(x#,t)  btx’.xjntx'.tjntx.tjdxdx* . 

dt  x*  x 

For  continuum  condensatlon/evaporetlon: 

*(*»*)  ■  4itRDCy(s-exp(K/R)) 

where  x  ■  l4n/3)R3d,  0  Is  the  binary  diffusion  coefficient  of  monomer  In  host  gas, K  Is  the 
Kelvin  coefficient  for  the  dependence  of  yapor  pressure  on  droplet  curvature^  mi  d  Is  the  mass  density 
of  a  particle  with  radius  R.  The  rate  coefficient  for  coalescence  Is  that  appropriate  to  the 
continuum  Brownian  process: 

b(x'.x)  -  2kT/3p)(xl/3  ♦  x*l/3)  (~  ♦  ~) 

xl/3  x,l/3 

where  kT  Is  the  thermal  energy  and  p  Is  the  viscosity  coefficient  of  the  host  gas. 

Equation  (1]  may  be  put  Into  nondlmenslonal  form  through  the  substitutions:  p  •  x/xfl,  4n 
0Cy(3/4ndxo2)^3t,  $  ■  x0n(x»t)/No*  ^o  Initial  mean  particle  mass  and  N0  the  Initial  number 
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concentration  of  particles.  In  these  variables.  Equation  (I)  becomes: 

^ P  ♦  r*  [  p  l/3(s-exp(K'/p^3))$(p,T)3  ma  bj(p-p',p')  (p-p*  »T)dp'“$(piT) 

9T  3p  p* 

fpt  b^p'.pJ^p’.Tjdp'  (3) 

where 

a  ■  kTMoio2/3/3mi0Cy(3/4"d)l/3  . 

The  coefficient  a  Is  a  measure  of  the  relative  rates  of  coalescence  to  condensation/evaporation.  In 
Equation  (3),  fora— >  »,  the  coalescence  process  becomes  dominant  and  fora—  >  0,  only  the  conden¬ 
sation/evaporation  process  remains  with  results  previously  described. 

A  question  addressed  by  others  using  scaling  arguments  Is  which  mechanism  -  condensation/eva¬ 
poration  or  coalescence  -  will  be  dominant  for  Intermediate  values  of  a.  The  conclusion  from  these 
analyses  Is  that  asymptotically  coalescence  will  dominate  at  higher  particle  mass  concentrations  - 
that  is  for  large  values  of  a.  We  show  here  that  this  Is  not  the  case  and  that  apparently 
coalescence  can  only  be  dominant  asymptotically  for  the  growth  laws  studied  for  vanishingly  small 
rates  of  the  condensation/evaporation  process.  This  Is  Illustrated  by  presenting  a  result  from 
numerical  solution  of  Equations  (1)  and  (2)  for  the  stated  growth  lows.  Parameters  used  yield:  a  * 
0.31,  t  ■  5.3  x  103t,  S(t-O)  «  10,  K/R0  “  1.0. 

For  this  syst‘  i,  condensation/evaporation  and  coalescence  are  competitive  processes  and  It  Is 
not  obvious  which  Is  dominant.  Since,  separately,  condensation/evaporation  and  coalescence  both 
give  the  result,  N(t)  *  t’1,  for  the  continuum  diffusive  cases,  scaling  arguments  are  Insufficient 
to  establish  which  of  the  two  mechanisms  Is  dominant  asymptotically. 

Figure  1  shows  the  contribution  to  the  total  rate  of  change  of  N,  dN/dt,  by  each  of  the  two 
processes  *  condensation/evaporation  and  coalescence.  The  continuous  curve  Is  that  for  the  ratio  of 
coalescence  rate  of  change  of  N  to  the  total  rate  and  the  dashed  curve  that  for  the  condensa¬ 
tion/evaporation  processes  according  to  Equation  (1).  Clearly,  the  contribution  of  coalescence  to 
the  change  of  N  decreases  with  time  while  that  for  condensation/evaporation  increases.  Therefore t 
previous  conjectures  on  the  dominance  of  either  of  the  two  processes  appear  to  be  Incorrect  for 
these  continuum  diffusive  growth  processes. 

6R0VTH  OF  AEROSOL  IN  LAMINAR  COAXIAL  JET 

Our  studies  of  aerosol  growth  In  a  laminar  coaxial  jet  have  been  described  In  previous  CSL 
Proceedings  and  In  publications  In  the  scientific  literature.  These  may  be  consulted  for  descrip¬ 
tions  of  the  experimental  system. 
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In  our  studies  of  growth  of  multicomponent  oil  aerosols  (Including  oils  such  as  dioctyl 
phthalate,  dlhexy lphthalate,  dibutyl  phthalate  and  squalane)  we  have  found  that  In  binary  oil 
mixtures  the  total  particle  number  concentration  decreases  slightly  (up  to  801  by  volume)  and  then 
rapidly  decreases  (at  greater  than  801  by  volume)  as  the  proportion  of  the  more  volatile  component 
Increases.  Also,  the  number  and  volume  mean  diameters  Increase  as  the  proportion  of  the  more 
volatile  component  Increases.  The  variance  of  the  distribution  decreases  as  the  proportion  of  the 
more  volatile  component  Increases.  In  all  cases.  Increasing  the  oil  vapor  concentration  In  the  jet 
Increases  the  number  and  volume  mean  diameters  and  decreases  the  total  particle  number  concentration 
and  variance  of  the  distribution. 

A  patent  disclosure  and  a  paper  for  publication  have  been  submitted  concerning  large  Increases 
In  apparent  nucleatlon  rates  produced  by  addition  to  oil  vapor  of  small  amounts  (<  11  by  volume)  of 
classes  of  organic  acids.  We  have  demonstrated  that  this  effect  Is  strongly  dependent  on  tempera¬ 
ture.  Above  a  certain  critical  temperature,  the  additive  causes  a  very  rapid  Increase  (by  an  order 
of  magnitude  over  a  ~  10°C  Interval)  In  total  particle  number  concentration  and  a  decrease  In  mean 
particle  diameter  of  the  oil  aerosol. 

We  have  also  carried  out  the  first  measurements  of  variation  of  composition  with  particle 
size  In  a  binary  aerosol.  We  find  a  relatively  large  variation  of  composition  with  particle  size, 
the  smaller  particles  In  the  aerosol  containing  a  relatively  large  concentration  of  the  less  vola¬ 
tile  component.  This  ohenomenon  Is  now  being  studied  theoretically  as  the  final  step  toward  publi¬ 
cation. 

GENERATION  OF  FERROMAGNETIC  CHAIN  AEROSOLS 

We  have  carried  out  studies  of  the  generation  and  growth  of  ferromagnetic  chain  aerosols  using 
two  different  experimental  systems.  In  one,  condensation  of  Iron  vapor  Is  carried  out  In  Inert  gas. 
Gas  flow  rate,  gas  pressure  and  furnace  temperatures  are  varied.  Results  from  these  studies  have 
been  reported  In  previous  CSL  Proceedings.  In  the  other  experimental  system  ferromagnetic  chain 
aerosols  are  generated  In  a  stopped  flow  reactor  In  the  aqueous  and  other  phases  by  the  reaction  of 
borohydrlde  Ion  with  dissolved  cations,  Fe44,  Co44,  N144  for  example. 

In  the  liquid  phase  process,  we  have  studied  the  effect  of  variation  of  reaction  conditions  on 
primary  particle  size.  For  production  of  Iron  particles,  the  variation  of  mean  primary  particle 
size  with  reaction  temperature  Is  shown  by  Figure  Z.  Over  a  40°C  change  of  temperature,  the 
primary  particle  size  varies  by  a  factor  of  3  from  -  300  A  to  •/900  X.  This  reflects  the  relation¬ 
ship  between  the  temperature  dependence  of  the  reaction  rate  coefficient  for  Fe44  reduction  by 
borohydrlde  and  the  nucleatlon  rate.  The  effect  of  variation  of  Fe44  concentration  on  primary 
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particle  size  Is  shown  In  Figure  3.  Over  a  narrow  range  of  Fe**  concentration, «*  0.02  -  0.04 
N.the  mean  primary  particle  size  changes  from  -  1300  \  to  *  400  A,  and  above  and  below  this  concen- 
tratlon  range, changes  very  little  with  concentration. 

We  have  Investigated  the  variation  of  primary  particle  size  with  particle  composition  for 
binary  particles  of  Fe  *  Co  and  Fe  ♦  Hu.  Above  *  6 OX  Fe,  for  both  binary  systems,  the  mean  primary 
particle  size  Increases  by  a  large  factor  from  -80  I  to  560  \  for  the  100%  Iron  particles.  This 
behavior  Is  In  fact  analogous  to  that  found  for  binary  oil  aerosols.  The  large  change  In  particle 
size  reflects  the  change  In  nudeatlon  rate  with  variation  of  composition.  We  have  developed  a 
model  to  explain  these  results. 
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Figure  l.  Contribution  to  the  total  rate  of  change  of  particle  number 
concentration  ,  (dN/dt)total  .  by  condensation /evaporation  (dashed 
curve)  and  coalescence  (solid  curve).  Asymptotically,  for  values  of 
parameters  used  In  numerical  simulation  the  contribution  of 
coalescence  apparently  approaches  zero. 


TURBULENT  MIXING  IN  CLOUDS 
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ABSTRACT 

Turbulent  mixing  of  cloudy  and  cloud-free  air  may  play  an  important  role  in 
determining  the  overall  dynamical  and  microphysical  behavior  of  warm  clouds.  He 
present  a  model  of  turbulent  mixing  based  on  laboratory  and  theoretical  studies  of 
chemically  reacting  shear  layers,  extended  to  include  the  effects  of  buoyancy  instabil 
ities  and  droplet  sedimentation.  It  is  found  to  be  consistent  with  recent  observa¬ 
tions  of  microphysical  variability  in  natural  clouds. 

1.  INTRODUCTION 

The  ideas  and  investigations  described  herein  are  abstracted  from  a  more  detailed 
paper  by  Baker,  Breidenthal,  Choularton  and  Latham  < 1 '  «,  J  Atmos  Sci,  41,  299-304). 

Entrainment  of  environmental  air  into  clouas  aud  subsequent  turbulent  mixing  of 
clear  and  cloudy  air  are  important  to  overall  cloud  dynamics  and  possibly  microphysi- 
cal  development  in  water  clouds.  In  the  past,  mixing  has  been  parameterized  in 
several  ways,  usually  in  terms  of  a  prescribed  or  calculated  mixing  time  or  mixing 
velocity,  but  the  actual  physical  processes  producing  the  mixing  have  received  little 
or  no  attention. 

One  of  the  oldest  and  most  popular  approaches  to  the  study  of  turbulent  mixing  is 
via  the  concept  of  gradient  diffusion,  for  which  turbulent  motions  must  be  small  in 
scale  compared  to  the  distance  across  which  the  concentration  of  the  diffusing  quan¬ 
tity  changes  significantly.  Gradient  diffusion  describes  an  average  over  many  real¬ 
izations  of  mixing  events  and  cannot  give  an  accurate  description  of  processes  (such 
as  phase  change)  which  are  nonlinear  in  the  concentrations  of  the  fluids  being  mixed. 
In  a  recent  paper,  Broadwell  and  Breidenthal  (1982)  proposed  instead  a  simple  new 
model  for  turbulent  mixing  in  the  shear  layer,  with  predictions  which  are  in  reason¬ 
able  accord  with  laboratory  experiment.  For  a  full  account  of  this  model  by  Baker  et 
al,  and  its  application  to  mixing  processes  in  clouds,  the  reader  is  referred  to  these 
two  papers. 

2.  SPECIFIC  MIXING  PROCESSES  IN  CLOUDS 

In  this  brief  section,  we  identify  illustrative  mixing  situations  which  occur  in 
natural  clouds,  and  estimate  values  of  the  parameters  which  govern  the  mixing. 


Me  discuss  first  the  Kelvin-Helnholts  instability  leading  to  entrainment  at  the 
top  of  layer  clouds.  This  case  is  directly  analogous  to  mixing  in  the  laboratory 
shear  layer,  except  that  here  one  of  the  fluids  is  considerably  more  turbulent  than 
the  other.  If  AO  is  the  difference  in  horisontal  wind  velocity  across  the  shear  layer 
and  L  its  thickness,  then  -  L/AU .  Measurements  in  stratocumulus  (Brost  et  al, 
1982|  Caughey  et  al,  1982)  showi  AU  .  4-8m  s”1,  L  _  15m,  so  .  2*48.  The  ratio  of 
cloudy  to  clear  air  in  the  mixing  region  is  of  the  order  of  unity.  The  cloudy  air  is 
heavier  than  the  air  above  cloudtop,  so  that  buoyancy  effects  impede  rather  than 
accelerate  mixing  in  this  first  step.  The  process  will  not  appear  diffusion-like  but 
will  occur  within  discrete  vortices  bounded  by  the  shear-layer. 

This  very  small-scale  cloudtop  mixing  is  coupled  with  large-scale  convective 
motions  in  the  form  of  up-  and  down-drafts,  which  are  thought  to  behave  basically  like 
thermals.  We  next  focus  on  scales  for  mixing  between  these  thermals  and  their  sur¬ 
roundings,  and  consider  entrainment  of  cloudy  air  into  downdrafts  and  mixing  of  en¬ 
trained  parcels  into  cloudy  updrafts.  Laboratory  experiments  on  jets  (Broadwell  and 
Breidenthal,  1982»  Broadwell,  1982)  show  that  the  composition  of  the  jet  at  any  cross- 
section  is  quite  uniform,  but  that  engulfment  distorts  the  instantaneous  "shape"  of 
the  jet  on  scales  comparable  with  L,  the  radius  of  the  jet,  or  thermal.  Thus,TL  . 
L/W,  where  W  is  the  relative  velocity  of  the  thermal  and  the  background.  These 
vertical  velocities  vary  between  0.5  and  10m  s-1  in  cumulus  (Austin  et  al,  1982» 
Boatman,  1981);  so  for  L  -  100m,  TL  -  10-200s.  The  ratio  of  newly  entrained  to  mixed 
plume  fluid  is  less  than  one.  Thus,  we  expect  to  see  uniform  regions  bounded  by  sharp 
edges  and  characterized  by  microphysical  and  dynamical  parameters  distinctly  different 
from  those  in  the  air  being  engulfed,  which  is  consistent  with  the  cumuluB  observa¬ 
tions  discussed  earlier.  Buoyancy  effects  may  be  important  in  this  case. 

Convective  instability  causes  cloud  scale  mixing  in  times  short  compared  with  the 
adiabatic  cascade  time.  During  the  mixing  process  tongues  of  fluid  of  roughly  cloud 
scale  are  broken  down  into  local  patches,  which  continue  to  break  down  until  the 
Kolmogorov  scale  is  reached.  If  one  such  patch  finds  itself  in  a  region  of  fairly 
homogeneous  turbulence  in  which  the  energetic  eddies  are  small,  then  the  mixing  pro¬ 
cess  there  will  be  similar  to  diffusion,  as  found  by  Baker  and  Latham  (1982).  On  the 
other  hand,  in  cases  in  which  geometry  imposes  a  global  scale,  such  as  in  the  shear 
layer  or  thermal,  the  mixing  cannot  resemble  diffusion,  as  noted  above. 
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3.  THB  INFLUENCE  OF  NIXING  ON  CLOUD  DROPLET  SPECTRA 

In  this  section  we  review  evidence  for  spectel  variability  resulting  from  mixing 
processes  in  natural  clouds,  examine  the  effects  of  the  Broadwell-Breidenthal  mixing 
mechanism,  buoyancy-* Induced  mixing  and  sedimentation  upon  droplet  spectra,  and  endeav¬ 
or  to  draw  together  these  arguments  in  an  overall  assessment  of  spectral  change 
resulting  from  the  mixing  of  cloudy  and  droplet-free  air. 

Fine  scale  measurements  in  cumulus  (Austin  at  al,  1982»  Rodi,  1981), 
stratocumulus  (Caughey  et  al,  1982)  and  cap  clouds  (Baker  et  al,  1982)  show  that  often 
the  liquid  water  in  a  penetration  at  constant  pressure  can  be  classified  either  as 
‘uniform"  or  as  "highly  variable",  with  few  measurements  falling  between.  In  the 
first  type  of  observation,  the  variability  is  very  low;  typically  low  enough  to  be 
attributable  to  random  sampling  errors.  The  average  value  of  the  liquid  yater  can  be 
approximately  equal  to  or  substantially  below  that  expected  if  cloud  growth  had 
occurred  without  entrainment  of  outside  air.  In  the  second  class  of  observations, 
usually  those  made  under  conditions  in  which  direct  entrainment  effects  are  thought  to 
be  important,  the  variability  is  much  greater  and  vorticity  higher  than  in  the  first 
class,  and  the  values  of  the  liquid  water  fluctuate  between  almost  zero  and  a  value 
characteristic  of  adjacent,  uniform  regions.  The  transition  between  uniform  and 
adjacent  highly  variable  regions  is  usually  quite  abrupt.  The  picture  is  not  consis¬ 
tent  with  one  in  which  entrained  air  diffused  smoothly  throughout  a  given  level. 

An  important  finding  in  the  variable  regions  is  that  the  measured  droplet  spec¬ 
tral  shape  remains  quite  constant  in  spite  of  the  large  variation  in  total  drop 
number.  The  constancy  of  shape  is  most  evident  for  small  drops  and  low  turbulence 
levels. 

The  foregoing  features  of  the  droplet  spectrum  -  which  have  not  been  explained  in 
terma  of  specific  mixing  mechanisms  -  are  consistent,  qualitatively,  with  the 
Broadwell-Breidcnthal  description  of  mixing.  In  the  absence  of  significant  effects 
due  to  buoyancy-induced  mixing  and  sedimentation,  it  is  clear  that  at  all  times  during 
the  mixing  process,  i.e.  during  the  breakdown  of  the  inhcmogeneity  from  scale  L  to  XR, 
a  measuring  instrument  with  resolution, large  compared  to  the  Kolmogorov  scale  will 
"see"  an  average  spectrum  in  the  mixing  region  of  the  same  shape  as  that  in  the 
original  cloudy  air  but  simply  diluted  by  unresolved  filaments  of  cloudfree  air. 
Recent  measurements  using  a  laser  holography  system  (Conway  et  ai,  1982)  show  that  in 
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cap  clouds,  significant  structure  exists  in  droplet  spectra  on  scales  down  to  1cm,  and 
slide  measurements  by  Warner  of  small-scale  structure  in  cumulus  appear  to  show  that 
structure  exists  on  scales  above  lm.  These  small-scale  structures  would  not  be  re¬ 
vealed  by  any  standard  particle  measuring  system  such  as  those  in  general  use  in  cloud 
physics  experiments.  Thus,  whether  or  not  the  clear  air  is  saturated,  the  droplet 
spectrum  measured  by  typical  devices  during  the  first  part  of  the  mixing  process  may 
be  very  similar  to  that  in  the  adjacent  high  liquid  water  content  regions,  the  number 
of  droplets*  however,  will  be  diminished  in  the  ratio  of  cloudy-to-total  air  averaged 
over  by  the  measuring  apparatus.  When  the  Kolmogorov  scale  is  reached,  all  the 
droplets  in  the  region  of  scale  L  experience  the  same  environment.  If  this  is  under¬ 
saturated,  there  will  be  uniform  evaporation.  This  will  produce  a  region  of  scale  L 
in  which  the  (fairly  uniform)  spectrum  is  shifted  to  lower  sizes  than  would  be  found 
if  mixing  had  not  occurred.  The  foregoing  presents  a  physical  mechanism  to  explain 
observations  of  spectral  preservation  in  situations  of  fluctuating  liquid  water  con¬ 
tent,  which  gave  rise  to  the  concept  of  inhomogeneous  mixing  advanced  by  Baker  et  al 
(1980).  If  the  environmental  air  is  saturated  the  results  of  the  present  model  are 
consistent  with  those  of  the  dilution-only  picture  of  Telford  and  Chai  (1980).  Some 
evidence  for  this  mechanism  is  found  in  Montana  cumulus  where  liquid  water  variability 
is  primarily  due  to  variability  in  droplet  number  at  the  smallest  scales  measured  (2m) 
but  is  also  due  to  spectral  shift  at  larger  scales  (Austin  et  al,  1982). 

If  the  largest  eddies  responsible  for  mixing  of  two  parcels  are  small,  both  with 
respect  to  the  scale  of  the  parcels  being  mixed  and  to  the  resolution  of  the  measuring 
instruments  used,  then  the  measured  gradients  of  conserved  quantities  near  the  mixing 
region  will  appear  dlf fuaion-like .  Baker  and  Latham  (1982)  have  shown  that  under 
these  circumstances,  droplet  spectral  variability  can  also  be  adequately  reproduced  by 
a  diffusion  model  of  the  mixing.  However,  diffusion  is  not  in  general  a  satisfactory 
representation  of  the  turbulent  motions  bringing  the  fluids  into  contact. 

The  foregoing  discussion  has  revealed  considerable  support  for  the  Broadwell- 
Breidenthal  mixing  model  in  explaining  the  observed  spectral  shapes  and  variability  in 
clouds.  In  the  absence  of  buoyancy-induced  mixing  and  sedimentation,  it  predicts  that 


an  individual  mixing  event  between  volumes  and  of  dry  and  cloudy  air  will 
result,  at  the  Kolmogorov  time,  in  a  homogeneous  volume  tfj  +  v..  Let  R  «  c  dZPa^ 
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is  the  undersaturation. 


the  saturation  vapor  density  of  the  droplet-free 


air  and^^  the  liquid-water  denaity  of  the  cloudy  air.  If,  crudely,  R  <  1,  there  will 
be  a  finite  amount  of  liquid  water  in  the  mixed  volume  and  the  droplet  spectrum  will 
have  shifted  to  smaller  sixes,  according  to  the  classical  droplet  growth  equation. 
If,  on  the  other  hand,  R  >  1,  which  corresponds  to  a  vapor  deficit  exceeding  the  water 
content  of  the  final  result  is  a  homogeneous  region  of  undersaturated  air  con¬ 
taining  no  droplets.  Since  mixing  events  can  occur  with  a  range  of  values  of  R,  the 
overall  result  of  the  Broadwell-Breidenthal  model  will  be  a  distribution  of  homo¬ 
geneous  regions  of  various  sizes,  liquid-water-contents  and  undersaturations. 

Ror  a  consideration  of  the  influence  of  sedimentation  and  buoyancy-induced  mixing 
upon  this  picture,  the  reader  is  referred  to  the  arguments  of  Baker  et  al . 

4.  CONCLUSIONS 

A  simple  model  of  turbulent  mixing  in  the  presence  of  buoyancy  instabilities  and 
sedimentation  has  been  proposed  to  explain  observed  dynamic  and  microphysical  variabil¬ 
ity  in  warm  clouds.  Rough  estimates  of  droplet  spectral  variability  caused  by  mixing 
indicate  that  sedimentation  and  buoyancy  effects  may  be  as  important  as  shear-induced 
effects  under  a  range  of  realistic  conditions. 

The  results  predicted  will  not  be  fully  consistent  with  existing  treatment  [(e.g. 
classical  mixing,  Warner  (1969);  inhomogeneous  evaporation;  Baker  et  al  (1980);  dilu¬ 
tion  only,  Telford  and  Chai  (1980)].  The  model  suggests  specific  numerical  laboratory 
and  field  tests,  now  underway,  to  evaluate  the  significance  of  the  contributing  pro¬ 
cesses. 

While  this  note  has  largely  addressed  the  microphysical  consequences  of  the 
model,  the  macrophysical  implications  may  have  more  significance.  The  model  suggests 
that  the  mixing  process  is  initiated  by  global  engulfment  of  discrete  parcels  of 
fluid.  The  ultimate  result  of  the  process  is  production  of  identifiable  entitles  of 
more  or  less  homogeneously  mixed  fluid. 

One  would  expect  to  find  results  closest  to  those  of  the  simple  Broadwell- 
Breidenthal  picture  close  to  the  top  of  shallow  layer  clouds  in  which  the  entrainment 
instability  criterion  is  not  satisfied,  and  so  the  contributions  from  both  buoyancy- 
induced  mixing  and  droplet  sedimentation  (r*5ura)  will  be  small.  Under  these  condi¬ 
tions  a  picture  close  to  that  of  the  extreme  inhomogeneous  kind  would  be  found  on  very 
small  scales.  However,  as  the  averaging  scale  is  increased,  an  increasing  proportion 
of  the  liquid  water  changes  would  be  due  to  changes  in  spectral  shape. 
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At  the  top  of  deep  convective  clouds  in  which  the  cloudtop  instability  criterion 


is  satisfied,  buoyancy -induced  mixing  and  the  sedimentation  of  large  drops  will  both 
be  important,  and  a  picture  closer  to  extreme  inhomogeneous  evaporation  is  to  be 
expected  on  all  scales.  The  connection  between  global  structure  and  entrainment  is 


strong. 
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Steven  Hanna  and  Jonathan  Plata 
Knvtronaantal  Research  and  Technology ,  Xnc . 

496  Virginia  Road,  Concord,  HA  01742 

ABSTRACT 

Thia  papar  concern*  an  analyels  of  concentration  fluctuationa  obaerved  daring  Smoke  Week  III. 

Parta  of  thia  analysis  have  been  pub  Halved  aa  follow*: 

Hanna,  8.R.,  1984a.  Concentration  fluctuationa  in  a  Saoke  Pluaa.  Ataoa.  Environ. .  18.  1091-1108. 

Hanna,  8.R.,  1984b.  The  Exponential  Probability  Oanaity  function  and  Concentration  fluctuationa 
in  8aoka  Pluaea.  To  be  publlahed  in  Bound.  Lav.  Hateorol. 

Hanna,  8.R.,  1984c.  Obaerved  and  Modeled  Concentration  fluctuationa  in  a  Snail  Saoke  Pluaa. 
Proceeding*  of  fourth  Joint  Conference  on  Application*  of  Air  Pollution  Meteorology.  Aa.  Hateorol. 
Roc.,  128-131. 

further  cheracterlatlca  of  obaerved  concentration  fluctuationa  are  preaented  in  thia  paper, 
including  aoaaurea  of  the  probability  diatributton*  of  the  lnatantanaoua  pluaa  width,  the  pluaa 
centroid,  the  aaxiaua  concentration,  and  the  eross-wind  integrated  concentration*. 

1.  1  IT RO DUCT  I  OR 

The  U.8.  Amy  la  intereated  in  concentration  fluctuationa  in  anoke  pluaea  primarily  becauae  of 
their  effect*  on  visibility  weapon*  ayateaa,  and  remote  aenalng  device*  during  smoke  acreening 
operations.  In  previous  published  reports  (Hanna  1984a,  1984b,  1984c)  general  models  and  data  seta 
concerning  concentration  fluctuations  were  reviewed  and  a  new  model  developed.  The  new  analytical 
model  was  shown  to  aiaulate  observations  in  U.S.  Army  experiments  quite  well.  It.  this  paper  the  U.S. 
Amy  data  are  further  analysed  in  order  to  present  specific  statistical  results  that  would  be  useful  to 
researchers  studying  the  response  characteristics  of  remote  sensing  devices. 

The  U.8.  Amy  tested  several  tyres  of  munitions  and  sampling  devices  during  the  Smoke  Week  III 
experiment  at  Rglln  Air  force  Base,  florid*.  We  selected  data  from  two  trials  in  which  fog  oil  was 
released  continuously  over  a  period  of  about  five  minutes  at  a  height  of  2  m  (Sutherland  et  al.  1981). 
The  atmosphere  was  slightly  unstable  during  both  trials.  One-second  average  concentrations  were 
observed  on  two  lines  of  aerosol  photometers  at  distances  of  70  m  and  100  m  from  the  source  in  Trial  2 
and  30  m  and  80  m  from  the  source  in  Trial  4.  We  emphasise  the  far  line  of  monitors,  sinco  it  ha*  33 
aerosol  photometers  with  9  m  spacing.  Because  the  source  operates  for  only  about  3C0  sec  in  these 
experiments,  we  consider  data  only  from  the  time  marking  the  first  significant  impact  (C  >  15)  anywhere 
on  the  line  to  the  time  marking  the  last  Impact.  We  us*  a  threshold  of  C  equal  to  3  to  calculate  the 
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intermlttency ,  I,  which  la  defined  at  tha  fraction  of  non-sero  concentration  observations ,  alnca 
spurious  valuaa  of  C  equal  to  1  or  2  seem  to  represent  "nolsa."  Here  dr  alia  on  tha  experiment*  are 
given  by  Hanna  (1084b.  1984c). 

Figure  1  la  an  example  of  a  time  aarlaa  of  concentration  obaarvatlona  froai  tha  data  aat  etudled  In 
# 

thla  program.  Tha  obaarved  concentration  fluctuatlona  are  due  to  both  meandering  and  In- plume 
turbulence.  Meandering  la  defined  aa  the  swaying  back  and  forth  of  the  entire  pluaw,  leading  to 
relatively  long  perloda  of  either  high  concentration  or  cero  concent rat Iona  at  a  given  monitor.  The 
ln-pluee  turbulence  cauaea  large  short-term  variations  In  concentration  within  the  plume  (e.g.,  at 
times  ranging  from  70s  to  140s  In  Flgura  1) . 

A  measure  of  concentration  fluctuatlona  la  the  standard  deviation  o  .  Tn  the  smoke  week  data 

c 

the  ratio  of  the  standard  deviation  to  the  Man,  a  /C,  was  about  1.3  on  the  average  plume  axis  and 

c 

about  3  on  the  plume  edges.  The  Intermlttency ,  I,  was  about  0.6  on  the  average  plume  axis  and  about 
0.1  on  the  pluM  edges.  The  following  simple  modal  was  shown  by  Hanna  (1984b,  1984c)  to  satisfactorily 
fit  theae  data: 

I  -  0.60  exp  (y2/2«$)  (1) 

oc/C  -  (3.33  exp  (y2/2o$)-l)l/2  (2) 

where  y  la  lateral  distance  from  the  average  pluM  axis  and  oy  la  the  standard  deviation  of  tha 

2 

lateral  distribution  of  the  everage  plume  concentration.  The  variation  of  a  with  avsraglng 

c 

time,  T,  was  shown  to  be  well-simulated  by  the  formula: 
a  (T)  Tj  Tj  ^ 

~2 -  ■  2  i  d'  (1  -exp  (-*-)))  (3) 

«e  (0)  X 

where  Tj  la  the  integral  time  scale. 

2 .  FURTHER  R88ULT8 

In  addition  to  the  results  siumarlxed  above  which  were  previously  reported,  further  calculations 
have  been  made  using  these  concentration  data.  For  example,  the  variability  of  the  Instantaneous 
croas-wlnd  concentration  distribution  la  shown  in  Figure  2.  This  figure  summarises  all  the  cross-wind 
Instantaneous  distributions  in  Trial  4  by  normalising  all  concentrations  by  the  maximum  concentration 
at  a  particular  second  and  normalising  the  cross-wind  distance  by  tho  Instantaneous  e >  .  There  are 

over  200  individual  distributions  included  In  this  figure,  with  the  mean  and  plus  and  minus  the 
standard  deviation  of  all  the  observations  at  each  lateral  distance  shown.  The  calculated  skewness  and 
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FIGURE  1.  TIME  SERIES  OP  CONCENTRATION  FOR  A  MONITOR  NEAR 
THE  MEAN  FLUME  CENTER  IN  TRIAL  2. 


FIGURE  2.  SUMMARY  OF  CROSS-WIND  INSTANTANEOUS  CONCENTRATION 
DISTRIBUTIONS  IN  TRIAL  4.  The  mean  and  pluo  and  minus  one 
standard  deviation  of  all  observations  at  each  lateral  distance 
are  shown.  A  best-fit  normal  curve  is  also  plotted. 


kurtoala  are  0.12  and  5-3,  respectively.  The  Major  difference  between  the  obaarvad  dlatrlbutlon  and  a 
normal  dlatrlbutlon  (alao  ahown  on  tha  figure)  la  tha  large  number  of  obaarvad  caaaa  at  tha  talla  or 
edges,  aa  raflactad  by  tha  large  kurtoala  (for  a  normal  dlatrlbutlon,  tha  kurtoala  la  3.0). 

A  nummary  of  a  varlaty  of  pluaa  atatlatlca  la  given  1»  fabla  1.  Tha  data  In  tha  flrat  llna 
(trots- wind  Integrated  concantratlon  or  CW1  Cone.)  remove  tha  affact  of  lataral  aa and a ring  and  daal 
aolaly  with  tha  vartlcal  component  of  tha  turbulanca.  Tha  valua  of  o^/C  (CWl  Cone.)  for  thla 
component  la  0.55  for  Trial  2  and  0.48  for  Trial  4.  Thla  ratio  would  ba  expected  to  daeraaaa  at 
dlstancaa  farthar  froa  tha  aourca.  Tha  laat  column  In  tha  tabla  gives  tha  integral  tlaa  acala,  Tj, 
which  la  daflnad  hara  aa  tha  tlaa  las  at  which  tha  autocorrelograa  drop a  to  0.37  (for  an  exponential 
autocorralograa,  exp  (-t/T^)  equals  0.37  whan  t/T^  equal*  ona,  whara  t  la  tha  tlaa  las).  Tor  thaaa 
two  experiments,  Tj  aquala  about  7a. 


TABLK  1.  8UMKABY  OF  STATISTICAL  ANALYSIS  OF  8H0KK  WKKK  III 
TBIAL  2  AND  TRIAL  4  DATA 


Integral 

Standard 

Tlaa  Scale 

(a) 

CWl  Cone. 

Trial  2 

161 

89 

.4 

2.7 

7.0 

Trial  4 

212 

101 

.6 

3.2 

7.5 

Y-centrold 

Trial  2 

26.8 

-1.8 

42 

(yc.  *) 

Trial  4 

- 

22.5 

-2.6 

32 

<Jyl(a) 

Trial  2 

9.7 

5.1 

.9 

17 

Trial  4 

5.8 

2.1 

.5 

7 

Width 

Trial  2 

45.9 

19.5 

.3 

20 

(Wj,  a) 

Trial  4 

31.5 

10.7 

1.3 

5.5 

caax 

Trial  2 

77 

48 

-  na 

4.5 

Trial  4 

128 

61 

HI 

3.3 

4.5 

! 

Tha  naxt  row  In  Tabla  1  daala  with  tha  variability  of  tha  Inatantanaoua  pluaa  cantrold  position, 
ye.  which  la  doalnatad  by  lataral  aaanderlng.  lota  that  tha  Integral  tlaa  acala  hara  la  about  30  to 
40a,  or  a  factor  of  5  to  6  above  tha  Integral  tlaa  acala  for  tha  vartlcal  eoapenent  or  CWI  Cone.  Whan 
aaandarlng  la  praaent  at  all  tlaa  acelea,  aa  It  uaually  la  In  tha  ataoaphere,  tha  calculated  T^ 
become a  a  function  of  tha  aaapllng  tlaa,  which  la  about  300a  for  thaaa  exparlaanta.  If  tha  sampling 
tlaa  doubled,  tha  calculated  Tj  for  tha  pluaa  cantrold  positions  would  also  doubla.  Tha  akawnass  and 
kurtoala  of  tha  cantrold  positions  suggest  that  tha  distribution  la  non-Gausslan  with  a  relatively 
large  number  of  observed  cantrold  positions  at  tha  tails  of  tha  dlatrlbutlon. 
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The  next  two  entries  In  the  table  ere  the  standard  deviation  and  the  total  width,  W^,  of 
the  lateral  distribution  of  material  in  the  instantaneous  plume.  The  ratio  of  Wj  to  oyJ  averages 
5.0,  in  agreement  with  the  findings  of  the  fticlear  Regulatory  Coamlasion  for  atmospheric  wind  direction 
data  (Markee  1963).  The  variability  of  individual  measurementa  of  is  fairly  high,  ainca  the 
ratio  of  the  standard  deviation  of  a to  the  mean  o ^  is  about  O.S.  The  integral  time  scale 
for  variations  is  closer  to  that  for  CWI  Cone,  variations  than  that  for  y^  variations,  ainca 
the  fluctuations  in  instantaneous  plume  else  are  due  to  turbulent  eddlea  much  smaller  than  the  eddies 
responsible  for  the  meandering. 

Statistics  for  the  maximum  concentration  CMX  in  the  instantaneous  plume  are  given  in  the  last 
row  in  Table  1.  Because  the  maximum  concentration  is  moat  strongly  influenced  by  smaller  eddies,  the 
integral  time  scale  for  these  data  is  relatively  small  (4.5s).  The  ratio  of  the  standard  deviation  of 
C„.v  to  the  amen  of  ^  is  about  O.S,  in  agreement  with  similar  ratios  for  CWI  Cone,  and  oyI. 


3.  FUTURE  EXPERIMENTS 

The  Information  given  above  is  only  an  example  of  the  types  of  calculations  that  can  be  made  with 
the  U.8.  Army  Smoke  Week  experiments.  Depending  on  the  interests  of  the  researcher,  many  other 
characteristics  of  the  concentration  fluctuations  could  be  similarly  parameterised .  However,  there  are 
improvements  in  the  data  that  could  be  made  in  future  experiments: 

a  The  source  strength  should  be  maintained  as  constant  as  possible, 
a  Arcs  of  monitors  should  be  located  at  distances  of  about  20,  200  and  2000  m. 

s  Fast  responss  measurements  of  concentrations  in  discrete  particle  slse  ranges  should  te  made, 

e  Lidar  cross- sections  of  the  plume  concentration  distribution  would  be  of  Interest. 
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WIND  TUNNEL  SIMULATION  OF  DIFFUSION  IN  A  CONVECTIVE  BOUNDARY  LAYER 


M.  Porch  and  J.  E.  Cermak 
Colorado  State  University 
Fort  Collins,  CO  80523 


ABSTRACT 

This  paper  describes  siaulatlon  of  diffusion  f»om  ground  level  and  elevated  sources  within  a 
convective  boundary  layer.  The  work  has  been  presented  and  published  as  follows: 

M.  Poreh  and  J.  E.  Cenuk,  Wind  Tunnel  Simulation  of  Diffusion  in  a  Convective  Boundary  Layer,  29th 
OHOLO  Biological  Conference,  Zlchron  Ya'Acov,  Israel,  25-28  March  1984.  Proceedings  will  be  published 
In  Boundary  Layer  Meteorology  (1984). 

J.  E.  Cenuk,  P.  K.  Shrlvastava  and  M.  Poreh,  Wind-Tunnel  Research  on  the  Mechanics  of  Plumes  In 
the  Atmospheric  Surface  Layer.  Fluid  Oynamlcs  and  Diffusion  Laboratory,  Department  of  Civil 
Engineering,  Colorado  State  University.  Fort  Collins,  Colorado  80523,  Report  CER83-84JEC.PKS-MP12, 
Chapter  5,  December  1983. 


DESCRIPTION  OF  WINO  TUNNEL  SIMULATION 

When  the  wind  speed  is  very  weak  and  the  temperature  of  the  ground  Is  higher  than  that  of  the  air, 
the  upward  flux  of  heat  becomes  one  of  the  important  physical  parameters  which  determines  the  turbulent 
structure  of  the  unstable  boundary  layer  near  the  ground  and  the  mechanics  of  transport  processes  within 
this  layer.  Usually  such  an  unstable  layer  is  capped  by  an  Inversion  at  height  h  above  the  ground, 
which  acts  as  a  lid  for  upward  fluxes  and  pollutants.  Such  a  capped  unstable  layer  Is  also  termed  a 
convective  boundary  layer  (CBL).  The  CBL  Is  composed  of  several  layers:  the  surface  layer,  where  the 
wind  shear  plays  a  dominant  role;  the  free  convection  layer,  extending  to  approximately  0.1  h,  where 
the  si^ar  is  no  longer  Important  but  the  height  z  Is  a  significant  parameter;  the  mixed  layer,  where 
turbul  •  ?  structure  Is  independent  of  both  height  and  shear;  and  the  entrainment  interfacial  layer. 

1/3 

The  characteristic  velocity  scale  of  the  CBL  is  usually  defined  as  w*  =  (hg  w'©'/0)  ,  where 

pCp  w‘e'  Is  the  heat  flux  and  0  an  average  potential  temperature.  The  Monln-Obukhov  length  L,  which 

characterizes  the  thickness  of  the  surface  layer  is  L  =  -(v*)se/kgw,0’ ,  where  v*  =  (x_p)*  is  the  shear 
velocity.  Previous  studies  of  diffusion  in  the  CBL  are  based  or>  physical  simulations  In  a  water  tank 
with  no  mean  velocity  and  shear  [Deerdorff  and  Willis,  1975]  and  numerical  simulations  [Deardorff,  1970, 
1972;  Lamb,  1979].  The  present  simulations  were  done  in  the  Meteorological  Wind-Tunnel  (MWT)  at  Colorado 
State  University.  The  CBL  was  created  by  heating  a  12.3  m  section  of  the  27  m  long  wind-tunnel  floor  to 
approximately  150°C.  Two  floor  configurations  were  used:  a  smooth  floor  and  a  rough  floor.  The 
characteristics  of  the  simulated  layers  were: 


Smooth  Floor 

Rough  Floor 

Mean  Velocity  0  (m/sec) 

1.9 

1.7 

Shear  Velocity  V*  (m/sec) 

0.085 

0.115 

Convective  Velocity  w*  (m/sec) 

0.25 

0.28 

CBL  Height  h  (m) 

0.75 

0.90 

h/L 

11 

6 

A  neutrally  buoyant  hydrocarbon  tracer  was  released  at  three  source  heights  zs  =  0,  10,  and  20  cm 
above  the  floor.  Concentrations  downstream  were  measured  by  gas  chromatography. 
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EXPERIMENTAL  RESULTS 


The  velocity  and  temperature  measurements  revealed  that  the  wind-tunnel  flow  displayed  the  major 
characteristics  of  full-scale  convective  boundary  layers  [Lamb,  1981],  although  some  effects  of  the 
upstream  rough  wind-tunnel  floor  were  recognized  for  the  smooth  floor  configuration,  and  the  Inversion 
above  h  was  not  very  strong. 

Concentration  profiles  at  6  stations  downstream  of  the  sources  revealed  the  unique  features  of 
diffusion  In  a  C8L.  figure  1  shows  selected  dimensionless  concentration  profiles  at  the  plume  centerline 
C(x,z,o)Uha/Q,  where  Q  Is  the  discharge  r.ate  of  the  source.  The  dimensionless  distance  denoted  In 
these  figures  by  X  Is  defined  as  X  =  xw*/(Uh).  One  sees  that  at  X  >  0.5  the  maximum  concentration  is 
no  longer  at  ground  level.  Comparison  of  the  maximum  ground-level  concentration  distributions  in  Figure  2 
shows  that  at  certain  distances  from  the  sources  elevated  sources  give  higher  ground-level  concentrations 
than  ground-level  sources  of  the  same  strength.  These  phenomena,  discovered  Mrst  by  Deardorff  et  al., 
cannot  be  predicted  by  gradient-type  or  Gaussian  models.  Measurements  of  lateral  diffusion,  presented  In 
Figure  3  for  the  smooth  floor  configuration,  show  that  contrary  to  observations  in  neutral  boundary 
layers,  the  initial  cross-wind  diffusion  i.'  the  C8L  is  larger  for  ground- ’evel  sources  than  for  elevated 
sources.  Similar  results  were  obtained  for  the  rough  floor  configuration  although  h/L  was  smaller. 
The  measurements  for  the  ground-level  soutra  appear  to  be  in  agreement  with  the  Prairie  Grass 
measurements  reported  by  Barad. 

Measurements  in  this  work  were  limited  to  X  -  9(1).  It  is  planned  to  extend  the  measurements  to 
larger  values  of  X  and  to  increase  the  stability  of  the  inversion  above  the  CBL  layer  to  obtain  a 
better  simulation  of  the  diffusion  in  mixed  layers. 
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CRITERIA  FOR  WIND-TUNNEL  SIMULATION  OF  PARTICLE  PLUMES 


M.  Poreh  and  J.  E.  Cermak 
Colorado  State  University 
Fort  Collins,  CO  80523 


ABSTRACT 

This  paper  discusses  requirements  and  constraints  related  to  wind-tunnel  simulation  of  different 
classes  of  particle  plumes.  The  work  has  been  published  in  Appendix  A  of  the  following  report: 

J.  E.  Cermak,  P.  K.  Shrivastava  and  M.  Poreh.  Wind  Tunnel  Research  on  the  Mechanics  of  Plumes  in 
the  Atmospheric  Surface  Layer,  Fluid  Dynamics  and  Diffusion  Laboratory,  Dept,  of  Civil  Engineering, 
Colorado  State  University,  Fort  Collins,  CO  80523,  Report  CER83-840EC-PKS-MP/12,  December  1983. 

CLASSIFICATION  OF  PARTICLE  PLUMES 

The  analysis  focuses  on  steady,  stable  particle  plumes  (PP)  from  elevated  sources.  Two  parameters 
affect  the  behavior  of  such  plumes: 

--The  relative  velocity  r  =  V  / U  where  Vg  is  the  fall  velocity  of  the  individual  particle,  and  U 

is  a  reference  mean  wind  velocity  at  the  height  of  the  source. 

— The  relative  (negative)  buoyancy  of  the  initial  air-particle  source.  The  buoyancy  for  steady  state 

sources  is  determined  by  the  buoyancy  flux.  Heavier-than-ai r  particles  will  cause  negative 

buoyancy  but  when  mixed  with  hot  air  or  other  gases,  positive  buoyancy  can  result. 

Based  on  the  relative  significance  of  these  factors,  four  classes  of  PP  have  been  recognized,  see 
Figure  1, 

PRP  -  Passive  Reference  Plumes 
BP  -  Buoyant  Plumes 
HPP  -  Heavy  Particle  Plumes 

HPP/BP  -  Heavy  Particle  Plumes  diffusing  together  with  a  Buoyant  Plume. 

The  PRP  is  the  limiting  case  for  both  small  relative  fall  velocities  and  negligible  buoyancy 
effects.  The  diffusion  of  the  PRP  is  identical  to  that  of  inert  neutral  tracers.  It  has  been  shown  in 
previous  investigations  (Cermak,  1981)  that  the  dispersion  of  PRP  can  be  simulated  in  meteorological 
wind  tunnels.  Detailed  criteria  for  such  simulations  are  given  in  the  above  reference. 

When  the  concentration  of  particles  in  the  PP  is  increased  the  plume  might  be  exposed  to  negative 
buoyancy  effects,  although  the  relative  fall  velocity  of  the  particles  might  be  relatively  small.  Such 
plumes  are  classified  as  Buoyant  Plumes  (BP)  with  either  positive  or  negative  buoyancy.  Simulation  of 
BP  in  a  wind  tunnel  is  possible  by  matching  the  dimensionless  buoyancy  flux  of  the  plume  in  the  model 
and  the  atmosphere. 

When  buoyancy  effects  are  negligible  but  the  relative  fall  velocity  of  individual  particles  is  not 
small,  each  particle  will  experience  a  gravity  force  which  will  enhance  a  mean  downward  motion  and  an 
early  deposit  on  the  ground.  No  Interaction  between  particles  is  expected  in  this  case  and  the  motion 
of  the  particles  is  not  expected  to  modify  the  air  flow.  Such  plumes  are  classified  as  Heavy  Particle 
Plumes  (HPP).  Clearly,  only  monodispersed  HPP  need  to  be  investigated  in  wind  tunnels. 

When  only  a  small  fraction  of  a  polydispersed  PP  has  a  non-negl igible  relative  fall  velocity,  that 
fraction  will  disperse  as  a  HPP  whereas  the  rest  of  the  particles  will  be  dispersed  as  a  PRP.  However, 
when  the  plume  is  exposed  to  buoyancy  effects,  the  entire  velocity  field  and  the  dispersion  of  the 
individual  heavy  particles  will  be  affected.  This  case  is  referred  to  as  a  HPP/BP  combination. 

Approximate  limits  for  the  different  classes  defined  above  were  calculated.  The  effect  of  the  fall 
velocity  can  be  usually  neglected  when  r  =  V  /U  <  0.4  o  /x,  where  a  is  the  standard  deviation  of  the 
diffusion  plume  and  x  is  the  distance  f rmn  the  source.  The  rati<T  o  /x  is  a  mild  function  of  x. 
Based  on  its  value  at  x  =  1000  m  one  finds  that  PP  with  r  <  0.015  will  diffuse  in  adiabatic  atmosphere 
boundary  layers  as  PRP.  The  corresponding  value  of  r  for  stable  flow  is  0.01  or  smaller.  Particle 
plumes  in  unstable  flows  will  behave  as  PRP  at  larger  values  of  r. 


The  effect  of  buoyancy  Is  expected  to  be  recognized  when  the  plume  descent  or  rise,  AH,  will  be 
larger  than  0.4  o  .  Given  the  buoyancy  flux  of  the  plume,  F  =  ApgQ/np  where  Ap  is  the  relative 
specific  density  <ff  the  BP  and  Q  is  the  discharge  i  is  estimated  that  effect  of  buoyancy  in  neutral 
flows  becomes  significant  when  F/(Usx)  >  0.4  x  10  .  The  limits  of  the  various  types  of  plumes  for 
neutral  flows  are  shown  schematically  in  Fig.  1. 

WINO-TUNNEt  SIMULATION  0*  HPP 

In  ad  ition  to  the  general  requirements  for  simulation  of  the  atmospheric  surface  layer  (Cermak, 
1981)  it  is  essential  to  maintain  for  simulation  of  HPP  the  same  relative  fall  velocity  V  /U  in  the 
model  and  the  atmosphere.  It  is  also  required,  for  an  exact  simulation  of  the  particle  motion  in  the 
turbulent  flow,  that  the  value  of  0  2/q£ ,  where  £.  is  the  scale  of  the  turbulent  eddies,  be  the  same 
in  the  model  and  atmosphere.  This  additional  requirement  implies  that  the  velocity  scales  in  the  model 
must  be  proportional  to  the  square  root  of  the  length  scale;  Ay  =  AL  . 

In  addition,  It  Is  required  to  maintain  a  sufficiently  large  Reynolds  number  in  the  model  and  thus 
only  large  models  with  relatively  large  mean  velocities  can  be  used.  It  has  been  shown,  however,  that 
when  U  */g£  <  0.15  the  particle  motion  will  be  practically  independent  of  their  Inertia  and  will  very 
closelv9follow  the  turbulent  fluid  motion.  In  such  cases  it  is  not  essential  to  maintain  the  same  ratio 
of  U  Vg£  in  the  model  and  atmosphere.  The  size  of  the  energy-containing  eddies  at  a  height  h  above 
the  ground  is  of  the  order  of  h  and  the  effect  of  eddies  smauerthan  0.1,  h  on  the  average  diffusion  of 
a  steady  plume  can  be  neglected.  This  implies  that  the  requirement  A,.  =  A.  ^  can  be  relaxed  and  replaced 
by  U.Vgh  <  0.015  (Equation  9  in  the  full  report).  Another  requirementLwhich  follows  from  the  work  of 
Smith “(1961)  Is  that  Ug/U  <  0.15  (Eq.  11). 

The  above  constraints  were  used  to  calculate  the  permissible  ranges  for  simulation  of  HPP  in  wind 
tunnels,  as  shown  for  example  in  Fig.  2  for  the  case  of  an  elevated  source  at  h  =  60  m  in  a  neutral 
boundary  layer. 

It  is  planned  to  simulate  the  diffusion  of  HPP  in  the  meteorological  wind  tunnel  at  Colorado  State 
University.  On  the  basis  of  the  above  criteria,  a  model  scale  of  approximately  1:500  will  be  used.  The 
modeling  will  be  limited  to  relative  fall  velocities  of  V  / U  =  0.07. 
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Figure  1.  Classification  of  Particle  Plumes  for  Neutrally  Stratified  ASL 
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Figure  2.  Constraints  for  Wind  Tunnel  Simulation  of  a  HP  Source  Height  60  m,  Neutral  ASL 
(Example:  U  =  1.5  m/sec,  V  /U  =  0.06,  200  <  A.  <  600) 
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ABSTRACT 


The  models 


Having  performed  a  study  on  the  orientation  density  function  (o.d.f.)  of  small,  spheroidal 
aerosol  particles  In  a  general  field  of  an  arbitrary  strength,  (1,2)  it  became  possible  to  treat  the 
orientation  problem  in  a  turbulent  medium.  To  this  end,  two  Interconnected  physical  module  ware 
applied.  In  the  first.  'The  Realizations  Model,"  It  was  assumed  that  the  turbulent  particle  field 
constituted  an  ensemble  of  an  Infinite  number  of  realizations,  j,  each  one  of  which  Is  characterised 
by  one  set  of  the  o.d.f.,  P^  ^  (x,t),  values.  The  latter  was  taken  In  that  model  to  essentially 
coincide  with  the  previously  found  solution  of  the  Fokker-Plandk  equation  (1,2)  In  the  field  of  the 
realisation 

<J>+  V‘[«(w[J),R)F  -  o^1(j)VF(J)]  (1) 


where  w  Is  the  rotational  velocity  of  Che  particles  and  is  their  rotational  Peclet  nuaber 

defined  by  Wo/rDe,  being  a  typical  coeponent  of  the  (fluid)  gradient  tensor,  rDe  an  effective 
rotational  diffusion  coefficient  and  R  the  particle  aspect  ratio;  Is  a  gradient  component 

du^/Ax^fut-  a  component  of  the  fluid  velocity).  The  use  of  the  solution  Is  based  on  the  estimate 
Chat,  even  for  the  highest  (Kolaogorof  f  )  frequency  component  of  u^,  the  rotational  Reynolds  nuaber 
for  the  studied  particles  is  small  enough  to  render  their  notion  (quasi)  stationary. 
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In  th«  second.  "the  Micro-turbulence  Model,"  e  relation  between  the  so-called  turbulent 


rotetlooal  diffusion  coefficient  r0(  of  the  particles  end  the  physical  characteristics  of  the  fluid 
field  was  supplied.  this  coefficient  and  the  Brownian  rotational  diffusion  one,  rDg,  coapone  the 
effective  diffusion  coefficient  rD€ 

V  CD  ♦  CD.  .  12] 

€  C  o 


—  •  —  *  —  i 

Expressing  the  stochastic  quantities  of  the  system  as  F  -  P  ♦  P  ,  u  W 

—  I  - TTJ - W - 

and  u  •  u  ,  It  could  be  shown  that  the  realisations  average  of  P,  P  (W^  ,  Dg.R)  for  a  space- 
tlas  point  la  actually  P  (W  lk,rD^,  R)  for  that  point  and  that 

u'p‘  -  -rD£V  P  .  13] 

The  particles  considered  ware  taken  to  be  such  smaller  than  the  Kolaogoroff  scale;  so,  the  turbulent 
rotational  diffusion  coefficient  Itself,  rD(,  was  assuaed,  In  the  second  mode 1,  to  depend  on  the 
randomising  action  of  the  turbulent  pressure  fluctuations  at  the  particles’  surface  which  arise  fron 
Che  (Kolaogoroff)  micro-turbulence. 

Proa  dimensional  analysis  It  was  obtained  chat 


(c/v) 


(4) 


where  e,  the  turbulent  dissipation  energy ,  la  given  for  an  hoaogeneous  steady  field  by  (3) 
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v 


lf‘ 
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Applications 

I 

As  the  turbulent  gradient  tensor  V  Is  not  co^letely  known  In  osny  fluid  systems.  It  was 
oocessary  In  the  present  study  elthor  to  supplement  che  missing  data  by  the  results  of  numerical 
simulations  or  (reasonable)  gueasee  or  both.  In  caste  of  Interest,  there  was  conducted  a  parametric 
Investigation  In  which  the  effect  of  structure  chsnges  In  the  gradient  tensor  on  the  o.d.f.  was 


tested 


The  nuaerlcal  simulations  of  the  turbulent  field  were  carried  out  according  to  the  aethod  of  Wang 

•  »  , 
and  Frost  (4)  where  u  (  ■  u^  (t)  la  found.  In  thle  aethod,  however,  only  the  three  coaponente  W^j 

(i  ■  1,2,3)  could  be  acquired  due  to  the  applicability  of  the  relationship  known  ae  the  Taylor 

hypotheela,  vie. 


6  ut  _  iUj  [61 

rr-  ”  wi  T7j“ 

to  thoee  components  alone. 

The  reet  of  the  gradient  coaponente  were  extracted  either  froa  the  ei^erlaental  findings  of 

Klebanoff  (5)  for  the  studied  situations  of  a  turbulent  flow  over  a  flat  surface  as  in  the  ataospheric 

boundary  layer  or  froa  those  of  Wignanaky  and  Fiedler  (6)  for  the  studied  situation  of  a  free  round 

turbulent  Jet,  or  froa  parametric  checks  as  sectioned  above.  The  experimentally  acquired  gradient 

.  “I - 2  1/2 

coaponente  are  given  In  the  fora  of  a  W  (W  )  and  so  were  taken  the  reet  of  the 
cooponents.  The  (turbulent)  fluid  was  aastaed  to  be  incoapreeslble,  vlt.  «11  ‘  and  it  wee  set  that 

A  w'2?-  A  w'3J-  -  V2a  W  Jj  [7J 


or  with  reversed  eigne. 

Obviously,  since  in  addition  to  the  average  value  of  P,  f  ,  or  its  aaxiaal  value  Fa,  soae  measure 
of  the  spread  of  the  o.d.f.  values  is  desired,  a  procedure  was  adopted  In  which  thle  (F)  function  was 
calailated  for  the  foilwing  three  realisation  fields i 


( l) 
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lk  lk  ’ 

( 8a  J 

(2) 

(2)  ~  1 

U  '  *  W  -AW 
lk  lk  lk* 

[8bl 

(3) 

(3)  —  ' 

W  W,.  ♦  A  W  .  . 

Ik  lk  lk 

[Sc] 

59 


For  Ctvi  first  csss,  numerical  simulations  wars  eaployed  while  for  tits  sscood  one  Klebanoff's 
experimental  data  (S)  supplsasntsd  by  simulations  was  applied.  Also,  in  the  latter  case,  the  version 


U3aJ 


or 


1 1 3b  J 


2 

was  taken.  Die  calculations  in  both  cases  were  carried  out  with  v  «  0.15  ca  /sec.  ,  4  (thickness  of 
the  ataoepheric  boundary  layer)  -  10^a,  *0  •  0.1  a,  kfl  ■  0.4,  “  1  sec”1,  and  e  deduced from Bq.  [5). 

The  calculation  tlaa  for  F  was  greater  than  the  relaxation  tlae  of  the  particles, 
and  40  m A+  •  s/12  or  s/24  . 

In  the  turbulent  jet  situation,  the  ratio  between  the  various  values  of  V  was  obtained  (6) 
through 


C2  Wii 


“  Wkl  (i,k,“  1,2,3;  i  -  k) 


114) 


2 

where  cf  1  ♦  «xp(-200r  )  9  r  being  the  radial  distance  within  the  jet* 

t 

For  both  situations,  the  absolute  values  of  4  were  dediced  by  noraallcatlon  according  to  Eq. 

15).  Values  of  F  ,  and  F-t  together  with  the  deviations  of  F  for  fields  (2)4(3)  (above)  .were  calculated 
as  a  function  of  height  above  ground  (and  hence  c  )  in  the  boundary  layer  situation,  the  aspect  ratio 
of  the  particles,  &  (R>1  for  fibers  and  R<1  for  platelets),  and  the  peresMterlsatlon  factor  <*0. 
However,  only  the  following  typical  figures  ere  presented  here: 
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Flgur.  1.  Th.  ar.r.g.  o.d.f.,  F  ,  v,.  8  for  th.  .co.ph.ric  boundary  l.y.r  ,  W  turlul.nc.-.  « 
t-  2.5to  20.  (1)2.5*,  (2)5.,  (3)10.,  (4)20.  , 

R  -  10,  ♦  •  »/2 , 

—  "  —  •  » 
a-  W13(-Wo)  according  to  Bq.  HD,  «0  •  A  wi3. 

Solid  llnaa  arc  simulation  ra.ult.  (254  r«ll..tloo.,u.u.H7 >!  polnt.ara  v.luaa  c.lcul.t.d  fro.  th.  W 
(laid. 
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Figure  2.  the  aaxleal  o.d.f.,  F-t  w».  height  for  the  ateoepherlc  boundary  layer,  "etrorg  turbulence*. 
K  •  50;  *  decreeaea  with  height  according  to  Ball  (8).  (1)  /  H  ^  i  (2)  ,  (3)  V  ^  ;  daehed 

line  a  are  cases  whsreterw  of  Eq.  (7)  are  taken  with  oppoalte  signs;  points  relate  to  coablnatlon  of 
Bq.  (13b).  (Line  l  essentially  coincides  with  the  randoa  distribution  one*) 
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Figure  3.  The  maximal  o.d.f.,  PB,  vs.  particle  aspect  ratio  R  for  the  atmospheric  boundary  layer 
'strong  turbulence', 

2  -3 

*  *  5m,  e  •  230  cm  /sec 

(1)  .(2)  W(^,  (3) 

(Line  1  essentially  coincides  with  the  random  distribution  one.) 


»wj 


Figure  6»  The  aexlaal  o.d.f.,  Fa  v*.  the  pi^'  ter  oq  for  •  free  turbulent  Jet 


Conclusion* 


Atnoaphare  boundary  layer  (up  to  10  n  height)  t 

1.  Thn  inrtfi  o.d.f.  in  a  trank  curbulant  field  thews  structured  (preferred)  ortentatlon. 

2.  The  asxlaal  (and  average)  o.d.f.  in  a  strong,  co— only occurring  .  turbulent  field  of  the 

average  realisation  essentially  coincide  with  the  randoa  distribution  while  the  spread  of 

(2)  (3) 

the  values  of  tha  function  between  fields  *  ^  and  w  ^  is  quite  slgnlf icant.This  spread  of 
values  nay  have  practical  connotations, 

3.  The  values  of  Pa  and  its  deviations  Increase  with  the  paramter  as  expected. 

Tree  turbulent  ja>:  s 

Conclusions  2  and  3  of  the  forasr  situation  apply  here  too. 
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Abstract 

This  papar  dlscussas  tha  thaoratical  basas  of  aodals  for  diffusion  charging 
of  ultras lna  particlas  and  appllas  savaral  aodals  to  pradlctlng  unipolar  charga 
lavals.  Tha  aodal  pradictlons  a ra  coaparad  to  naw  experimental  data.  Tha 
coaparlson  raqulraa  calculation  of  the  extant  of  particle  loss  in  the  unipolar 
charger  due  to  electrostatic  precipitation.  This  work  has  bean  subsittsd  for 
publication  as  follows* 

8.  H.  Davison  and  J.  H.  Gantry.  Fundaaental  Hypotheses  on  tha  Charging  of 
Ultraflne  Particles  by  Diffusion  of  Ions.  Submitted  to  PjkCllCliit&B  ScLSQCC  AQd 
Technology  August,  1*783. 

8.  H.  Davison,  8.  Y.  Hwang,  J.  Hang  and  J.  H.  Gentry.  Unipolar  Charging  of 
Ultrafirs  Particlas  by  Diffusion  of  Iona*  Theory  and  Experiment.  Submitted  to 
U«D99UiC  July,  1984.  Accepted  October,  1984. 

The  next  objectives  of  this  work  will  be  the  application  of  the  models  and 
experimental  techniques  to  flberous  particlas. 


Introduction 

The  electrical  aerosol  analyzer  <£AA)  impart*  ilar  charge  to  aerosol 
particles  by  naans  of  a  corona  discharge  and  pre  ;he  more  electrically 
mobile  partic.es  from  the  stream  as  it  passes  •"  •  gad  metal  plates  (this 
part  of  the  device  ia  called  the  mobility  a-  -  particles  entering  the 
EAA  and  those  emerging  from  the  mobility  a..a. .  can  be  counted.  By  changing 
the  electric  field  strength  in  tha  mobility  analyzer  a  mobility  distribution  of 
the  aerosol  stream  can  be  obtained,  and  if  the  charge  distribution  on  tha 
aerosol  is  known  tha  mobility  distribution  can  be  inverted  to  a  size  distribu¬ 
tion.  Up  to  the  present  time  users  of  this  device  have  relied  upon  calibration 
curves  distributed  with  it  rather  than  direct  knowlede  of  the  charge  distribu¬ 
tion.  The  ability  to  compute  unipolar  charge  levels  as  a  function  of  time  could 
Improve  the  flexibility  of  the  device  by  allowing  use  of  ion  concentration- 
residence  time  products  <Nt)  other  than  those  tabulated  and  also  by  allowing 
corrections  to  be  made  for  tne  effects  of  different  ambient  conditions  <ion 
species  effects). 

When  a  monodlsparse  aerosol  is  needed  for  experimentation  it  is  frequently 
extracted  from  a  pol yd 1  sparse  source  by  a  differential  mobility  analyzer  (DMA) 
which  selects  particles  with  mobilities  between  narrow  lieits.  In  this  device 
the  aerosol  is  given  a  bipolar  equilibrium  charge  and  the  assumption  is  usually 
made  that  the  number  of  multiply  charged  particles  is  negligible.  If  it  Is 
necessary  to  select  particles  smaller  than  the  seen  size  from  the  distribution, 
however,  this  assumption  may  not  be  valid.  Therefore  it  is  necessary  to  know 
the  equilibrium  bipolar  charge  distribution  for  small  particles.  This  distribu¬ 
tion  is  difficult  to  measure  directly.  Measurements  of  unipolar  attachment 
ratas  will  help  to  calculate  it. 

To  calculate  unipolar  charge  levels  it  is  necessary  to  obtain  transiant 
solutions  of  a  system  of  differential  equations.  Among  the  parameters  of  the 
system  are  the  ion  attachment  coefficients.  Calculation  of  these  coefficients 
requires  the  adoption  of  some  model  of  the  mechanism  of  aerosol  charging.  Seve¬ 
ral  such  models  have  been  formulated.  Four  are  used  here  (Fuchs,  1963|  Gentry, 


1972 |  Hoppsl ,  1977 |  Laframboise  and  Chang,  1977).  The  derivations  of  these 
theories  ara  discussad  In  datail  elsewhere  (Davison  and  Gantry,  1983).  Simula- 
tlona  of  aaroaol  charging  in  accordanca  with  thaaa  thaoriaa  were  uaad  to  idanti- 
fy  paraaatar  ragiona  of  intaraat.  Some  of  the  aiaulationa  ara  preaantad  with 
the  experimental  data. 


Experimental  Apparatus  and  Procedure 

Exparlaanta  Mere  carried  out  to  aaaaura  the  unipolar  charge  level  of  a 
nonodiaperee  aaroaol  aa  a  function  of  size  and  Nt  value.  A  schematic  of  the 
apparatus  appeara  aa  Figure  1.  The  aaroaol  xaa  generated  by  vaporization  and 
recondensation  of  silver  and  a  eonodlapersa  atreaa  was  extracted  by  an  electri- 
Cf'  aaroaol  claaalfiar  <EAC) .  The  nonodiaperaa  aaroaol  was  neutralized  and 
passed  through  a  corona  discharge  at  various  different  Nt  values.  The  charge 
distribution  of  the  aerosol  was  measured  using  an  EAA,  a  condensation  nucleua 
counter  (CMC),  and  an  electrometer . 

The  results  of  the  experiments  mere  then  compared  to  the  predictions  of  the 
theories.  The  model  solutions  previously  discussed  gave  the  charge  distribu¬ 
tions  (according  to  the  various  theories)  coming  out  of  the  charger.  In  order 
to  compare  these  values  with  the  experimental  data  it  xas  necessary  to  simulate 
the  operation  of  the  EAA  to  take  into  account  the  particle  loss  due  to  electro¬ 
static  precipitation  of  particles  in  the  charger.  Both  the  simulations  and 
experiments  indicated  that  this  particle  loss  is  substantial  and  that  failure  to 
allOM  for  it  leads  to  significant  error  in  interpretation  of  EAA  data. 

Early  in  the  experimental  program  it  became  evident  that  significant  num¬ 
bers  of  particles  were  being  lost  in  the  EAA  through  mechanisms  other  than 
precipitation  in  the  mobility  analyzer.  The  charger  is  depicted  in  Figure  2. 
It  consists  of  a  fine  tungsten  Hire  held  at  a  potential  of  no  more  than  b  K V 
from  ground.  The  Hire  is  surrounded  by  a  metal  cylinder  which  is  partly  solid 
(sections  1  and  3)  and  consists  partly  of  a  metal  screen  (section  2).  This 
inner  cylinder  is  held  at  a  potential  of  about  0.2  KV.  Surrounding  the  inner 
cylinder  is  another,  larger  cylinder  Hhich  is  grounded.  The  aerosol  passes  in 
laminar  flon  between  these  two  cylinders.  It  is  charged  by  the  ions  emitted  by 
the  tungsten  Hire  which  penetrate  the  screen  and  move  under  the  Influence  of  the 
electric  field  toward  the  outer  cylinder. 

In  section  1  of  the  charger  the  aerosol  is  assumed  to  be  uncharged  and, 
therefore,  unaffected  by  the  field.  In  section  2  the  aerosol  is  undergoing 
charging  and  the  path  of  the  charged  particles  will  be  affected  by  the  field. 
In  section  3  it  is  assumed  that  there  are  no  ions  and,  therefors,  no  charging 
occurs.  There  is,  however,  an  electric  field  so  that  migration  and  precipita¬ 
tion  of  the  aerosol  particles  will  occur. 


Results 

Comparison  of  experimental  with  model  predictions  can  be  made  with  respect 
to  the  fraction  of  uncharged  particles  and  the  ratio  of  the  total  number  of 
mlamm ntary  charges  leaving  the  unipolar  charger  to  the  number  of  particles 
entering.  The  charge  distribution  of  ths  serosol  leaving  the  charger  can  also 
be  calculated,  and  has  been  presented  elsewhere  (Davison  et  al . ,  1984). 

Figure  3  shows  typical  results  for  the  fraction  of  uncharged  particles  as  a 
function  of  Nt.  As  expected,  as  this  product  approaches  zero  the  unchsrgad 
fraction  approaches  unity.  Simulated  results  using  the  four  models  are  shown  by 
the  curves.  The  experimental  data  and  the  model  curves  lie  on  straight  lines  on 
ths  semi  log  plot.  For  ths  32  nm  data  the  slope  for  the  experimental  data  is  - 
2.3  cc  /  ion-sec.  This  lies  between  the  Hoppe 1  value  of  -2.3  and  the  Gentry 
value  of  -3.3.  The  Gentry  model  was  observed  to  predict  a  lower  fraction  of 
uncharged  particles  for  all  particle  sizes  between  18  and  42  nm.  The  Lafram- 
bolse  and  Chang  model  predicts  s  slope  of  -0.61  and  a  much  higher  fraction  of 
uncharged  particles.  The  most  important  result  is  that  the  three  models  which 
include  the  image  term  are  qualitatively  consistent  with  the  experimental  data. 
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The  chvgc/nuabtr  ratio  can  ba  obtained  by  measuring  tha  charge  with  tha 
Faraday  caga  and  tha  nuabar  danaity  with  tha  CMC.  Data  tor  tan  charging  rata* 
(expressed  aa  Nt  product)  ara  plot tad  tor  tha  32  na  casa  in  Figura  4.  Tha 
•axiaa  obaarvad  in  tha  curvaa  occur  aa  a  raault  ot  loaa  ot  tha  aora  haavily 
chargad  particlaa  in  tha  chargar.  It  tha  particla  loaa  in  tha  chargar  had  baan 
nag lac tad  in  tha  aodal  calculationa  thaaa  curvaa  would  hava  baan  aonotonically 
increasing!  Figura  4  claarly  indicataa  tha  iaportanca  ot  particla  loaa.  Tha 
qualitative  agraaaant  batwaan  tha  experimental  raaulta  and  thoaa  thaoriaa  in¬ 
cluding  tha  imaga  attact  ia  good.  Ganarally  tha  aaaauraaanta  tall  batwaan  tha 
pradictiona  ot  tha  Fuchs  and  Sentry  thaoriaa. 


Conclusions 

Tha  iaportanca  ot  accounting  tor  particla  loaa  in  tha  chargar  waa  lndicatad 
by  both  experiment  and  aiaulatlon.  This  loan  occur*  primarily  aa  a  raault  ot 
tha  al act r oat at 1 c  praeipi tat ion  ot  chargad  particlaa  cauaad  by  tha  tlald  pro- 
due  ad  by  tha  corona  diacharga.  In  ordar  to  aimulata  thia  it  ia  nacaaaary  to 
aodal  tha  aerosol's  parabolic  tlow  protila  and  the  chargar  tiald. 

Ot  tha  tour  aodal a  uaud  thoaa  ot  Fucha,  Gantry  and  Hoppal  gava  raaulta  that 
ware  qual itati valy  consistent  with  tha  data.  Tha  thaory  of  Lafraaboiaa  and 
Chang  did  not,  perhapa  due  to  tha  fact  that  thia  thaory  doaa  not  include  tha 
affects  of  tha  imaga  potential. 
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RESULTS  OF  PAST  AND  CURRENT  INVESTIGATION  OF  THE 
SMOKE  PARTICLE  SCAVENGING  BY  NONSPHERICAL  COLLECTORS 

J.  Podzimek  and  J.  Martin 
Graduate  Center  for  Cloud  Physics  Research 
University  of  Missouri-Rolla 

ABSTRACT 

This  contribution  summarizes  the  main  results  of  theoretical  and  experimental 
studies  of  smoke  particle  scavenging  performed  since  1981  under  the  U.S.  Array  Grants 
DAAK-11-81-C-0075  and  DAAK-11-83-K-0007  and  outlines  the  task  of  the  future  research. 

PAST  STUDIES 

The  premise  at  the  beginning  of  the  research  program  was  that  a  planar  collector 

has  a  higher  scavenging  efficiency  than  a  sphere  (drop)  in  the  range  of  scavenger 

sizes  between  0.1  and  1.0  cm  and  smoke  particle  diameters  from  0.1  to  10  pm.  Higher 

scavenging  efficiencies  of  disk  type  collectors  in  comparison  with  spheres  of  the 

same  diameter  have  been  found  during  experiments  with  smoke  particle  deposition  in  a 

laboratory  wind  tunnel  (Podzimek,  1983).  These  results  were  supported  also  by 

theoretical  studies  (Martin  and  Podzimek,  1982)  which  considered  the  deposition  of 

smoke  particles  of  radius  0.001  <  r  <  10  pm  on  a  thin  oblate  spheroid  under  the 

Influence  of  Brownian  diffusion,  phoretical,  electrostatic  and  inertial  forces.  In 

the  range  of  collector  Reynolds  numbers,  Rec  >  4.0,  the  calculated  collision 

efficiency,  E,  of  an  oblate  spheroid  was  one  order  of  magnitude  larger  than  that  of  a 

sphere  (E  ■  10  ^ ) .  This  difference  increased  with  increasing  Re„  (for  4.0  <  Re„  < 

c  c 

50.0). 

Preliminary  measurements  also  indicated  that  the  number  of  smoke  particles 
deposited  on  the  reverse  side  of  a  disk  is  comparable  with  that  on  the  obverse  side. 
The  particle  size  and  number  distribution  is  different  on  each  specific  side.  On  the 
obverse  side  it  reminds  one  of  the  pattern  predicted  by  the  theory  (Podzimek  and 
Martin,  1982),  however,  the  total  number  of  deposited  particles  is  almost  one  order 
of  magnitude  lower  than  that  calculated  from  the  model  (Podzimek,  1981,  1983).  The 
main  discrepancy  between  the  model  and  measurement  was  found  on  the  reverse  side  of 
ihe  disk  and  close  to  the  rim. 

Another  hypothesis  established  at  the  initiation  of  the  program  was  the 


potential  effect  of  the  eode  of  motion  of  a  symmetrical  or  unsynmetrical  collector  on 
the  smoke  particle  deposition.  Mean  aerodynamic  characteristics  (Cp,  vg,  Re„,  etc.) 
have  been  deduced  from  time-lapse  camera  pictures  and  the  frequency  or  wave  length  of 
the  oscillatory  motion  of  the  models  determined  (Podzimek,  1983).  The  maximal 
frequencies  observed  for  a  falling  paper  disks  with  r  <  1.0  cm  were  used  for 
simulation  of  the  scavenger  oscillatory  motion  in  a  wind  tunnel.  In  mean  the  smoke 
particle  deposition  on  oscillating  disks  was  higher  than  on  quiescent  disks  (23% 
higher  for  frequencies  10  to  60  Hz  and  amplitudes  +  10*).  The  particle  deposition  on 
the  reverse  side  was  considerably  higher  (Fig.  1)  than  that  of  a  quiescent  disk 
(Np/NB  -  0.745  for  60  Hz  and  Re  ■  80).  The  experimental  facilities  have  been 
described  in  previous  reports  (Podzimek,  1981,  1983). 

Considerable  attention  has  been  paid  to  the  influence  of  an  electric  charge  on 
the  smoke  particle  deposition.  Disks  of  different  material  (metal,  plastic  material, 
glass)  permanently  connected  with  the  electrode  collected  more  smoke  particles 
(passing  through  a  charge  neutralizer).  The  collection  efficiencies  for  particles 
with  radii  around  0.3  yn  were  approximately  one  order  of  magnitude  higher  than  those 
observed  on  uncharged  disks  (Fig.  2)  for  0.1  <  Re  <  50  (Podzimek  and  Martin,  1984). 
Extremely  high  deposits  were  found  along  the  disk's  rim,  where  spherical  smoke 
particles  of  TlCl^  formed  peculiar  chain-like  aggregates  (Podzimek,  1983). 

Experiments  performed  with  an  instantaneously  charged  conductive  or  dielectric  model 
showed  that  the  significant  charge  effect  lasts  only  for  about  30  seconds  at  a  smoke 
particle  concentration  of  3,000  to  5,000  cm~^.  A  preliminary  explanation  of  this 
fast  decrease  of  collector  charges  was  found  by  assuming  a  collector  charge 
neutralization  by  oppositely  charged  smoke  particles.  An  uncertainty  still  exists 
about  the  charge  equilibrium  (or  charge  distribution)  of  smoke  particles  passing 
through  the  filter  and  charge  neutralizer  (Kr-85)  before  reaching  the  test  section  of 
the  wind  tunnel.  The  assumed  symmetrical,  Boltzraann-like,  charge  distribution  on 
particles  seems  to  not  be  supported  by  the  current  measurements.  Usually  a  considerable 
difference  was  found  between  the  number  of  particles  deposited  on  collectors  bearing 
electric  charge  of  the  samo  magnitude,  but  opposite  sign. 

CURRENT  INVESTIGATIONS 

The  experiments  in  1984  concentrated  mainly  on  smoke  particle  deposition  on 
cylinders ,  grid  type  models  and  fibers.  One  hoped  that  in  the  case  of  a  broad  size 
spectrum  of  emoke  particles  one  could  enhance,  by  using  the  grid  type  scavengers,  both 
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the  diffusional  deposition  on  a  large  surface  and  inertial  deposition  at  high  Stokes 
numbers.  Major  importance  was  assigned  to  the  effect  of  direct  particle  and 
collector  charging  and  to  the  particle  charging  through  induction  in  an  electrostatic 
field  (up  to  several  kV  cm”^)  because  of  the  negligible  effect  of  phoretical  forces 
acting  on  particles  in  the  "Greenfield  gap"  size  domain. 

Collection  efficiencies  of  uncharged  metallic  and  plastic  cylinders  at  3.4  <  Re 
<  44.0  (measured  at  airflow  velocity  of  1.0  rr  s”^-)  were  below  0.1%  (E  <  0.001). 
Electrically  charged  cylinders  <0.5  kV  to  8.0  kV  between  the  collector  and  tunnel 
wall  at  6.5  cm)  showed  collection  efficiencies  for  TiCl^  smoke  particles  (with  mean 
radii  of  0.25  urn)  between  0.36  and  5.60%.  The  pattern  of  deposited  particles 
strongly  reminded  one  of  the  figures  depicting  the  interaction  of  inertial  and 
electrical  forces  acting  on  an  aerosol  particles  greater  large  particle  deposition 
on  the  cylinder's  front  face  and  high  deposition  of  small  particles  (r  <  0.35  urn)  on 
the  back  side  at  5.0  <  Re  <  25.0  and  &  potential  difference  of  several  kV  (Podzimek, 
1983).  There  is,  however,  a  large  scatter  of  measured  data  (collection  efficiency) 
in  the  dependence  on  charge  and  Re  (Fig. 3). 

Deposition  of  smoke  particles  on  grid  type  models  was  investigated  with  uncoated 
electron -microscope  grids  (mesh  50  and  300,  0.3  cm  in  diameter)  because  of  their 
well-defined  shape.  The  deposition  on  the  front  surface  of  an  uncharged  grid  is 
characterized  by  a  low  deposition  of  smoke  particles  with  diameters  smaller  than  0.7 
pro  and  a  relatively  high  deposition  of  particles  larger  than  1.0  pm  due  to  inertial 
forces.  The  total  collection  efficiency  for  all  smoke  particle  sizes  featured  by  the 
distribution  curve  in  Fig.  4  of  an  uncharged  grid  is  higher  (E  -  0.0175)  than  that  of 
a  thin  solid  disk  of  the  same  diameter  (E  =  0.0105).  The  charge  effect  (electrode 
permanently  connected  with  the  scavenger-collector)  is  depicted  in  Fig.  5.  The 
effect  is  very  significant  for  potential  difference  greater  than  1.0  kV  per  6.5  cm 
and  has  a  maximum  around  5.0  kV  at  which  the  total  collection  eft  ciency  of  a  disk 
can  surpass  10%  (E  >  0.1).  The  total  collection  efficiency  is  defined  as  a  total 
number  of  smoke  particulates  of  a  specific  size  deposited  on  both  sides  of  a 
collector  divided  by  the  number  of  particulates  passing  through  the  main  cross 
section  of  the  scavenger  (including  the  effect  of  interception)  at  the  same  time. 

Fig.  5  shows  clearly  the  charge  effect  on  the  deposition  of  very  small 
particulates  (d  <  0.7  pm)  which  is  significant  at  low  charges  (1.0  kV)  and  air 
velocities  of  0.25  m  s  At  a  potential  difference  of  5.0  kV  there  is  a  maximum  in 
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the  collection  efficiency  carves  for  particles  with  diameters  smaller  than  1.4  pm 
(measured  only  for  1.0  m  3_*  curve).  In  accordance  with  the  theory  there  is  an 
insignificant  effect  of  the  electric  charge  on  particles  with  diameters  larger  than 

1.4  urn  due  to  the  prevailing  effect  of  inertial  forces  especially  at  the  flow 
velocity  of  1.0  m  s~*. 

In  Fig.  6  a  very  interesting  comparison  is  made  of  collection  efficiencies  of 
the  front  face  of  a  solid  disk  and  an  electron  microscopical  grid  of  the  same 
diameter.  The  curves  drawn  for  1.0  kV  and  5.0  kv  show  clearly  that  the  grids  are 
more  effective  collectors  (scavengers)  for  small  particle  sizes  (d  <  0.7  pm)  than 
solid  disks  if  only  the  deposition  on  the  front  surface  is  considered.  The  disk  is 
clearly  more  effective  for  particulates  with  diameters  larger  than  1.4  pm  due  to  the 
effect  of  inertial  forces.  The  comparison  of  the  total  collection  efficiencies  (of 
the  front  and  back  faces)  of  a  disk  and  a  grid  (mesh  300)  is  made  in  Fig.  7. 
Irrespective  of  the  large  scatter  of  data  the  grid  is  a  more  effective  scavenger  than 
a  disk  of  0.3  cm  in  diameter  for  the  uncharged  and  charged  t  )els  (0.5  to  8.0  kV  per 

6 . 5  cm ) . 

The  fiber  material  selected  for  experiments  was  a  "dust  magnet"  filter  from 
which  fibers  with  individual  diameters  between  20  and  50  pm  were  selected  and 
stretched  in  a  metallic  ring  exposed  to  the  aerosol  flow  in  a  wind  tunnel  at 
velocities  ranging  from  0.25  to  1,50  m  s-1 .  The  deposition  on  uncharged  and  charged 
individual  fibers  having  the  properties  of  "electret”  fibers  are  currently  completed 
by  the  experiments  with  two  or  more  hydrodynamically  interacting  fibers. 

In  Figs.  8  and  9  the  number  of  particulates  of  a  specific  size  are  represented 
in  percent  of  the  total  number  of  particulates  of  all  sizes  deposited  on  the  fiber  of 
approximately  0.003  cm  in  diameter  at  the  aerosol  flow  velocity  of  0.25  and  1.00  m  s  J 
The  percentage  of  deposited  smoke  particulates  of  a  specific  size  seems  not  to 
be  influenced  much  by  the  electric  charge  and  airflow  velocity  (with  the  exception  of 
ore  point  for  0.0  kv  and  particle  diameter  of  0.5  pm).  Deposition  of  smoke  particles 
on  charged  fibers  is  plotted  in  Fig.  10  which  shows  clearly  how  with  increasing  fiber 
charge  the  total  collection  efficiency  of  a  fiber  is  increasing  up  to  15.5%  (E  » 

0,15)  for  the  air  velocity  of  0.25  m  s~^  and  electric  charge  corresponding  to  5.0  kV 
per  6.5  cm.  The  increase  in  collection  efficiency  is  almost  linearly  proportional  to 
the  charge.  Bearing  in  mind  the  total  length  of  a  fiber  net  scavenger,  one  can 
estimate  the  potential  significant  effect  of  the  fiber  scavenger  on  the  clearing  of 
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smoke  cloud.  For  the  removal  of  small  particulates  (d  <  0.7  pm)  the  lower  settling 
velocity  (which  can  be  adjusted  by  selecting  the  fiber  net  frame  of  different  weight) 
should  be  preferred. 

CONCLUSION  AND  FUTURE  RESEARCH 

Very  useful  characteristics  of  the  falling  symmetrical  and  unsymmetrical 
scavengers  have  been  obtained.  These  parameters  can  be  applied  while  modeling  the 
clearing  of  a  smoke  cloud  and  estimating  the  complex  effect  of  a  falling  particle 
zone.  In  addition  to  the  current  research,  another  set  of  experiments  with  clearing 
of  TiClj  smoke  clouds  in  a  cylindrical  tank-described  in  previous  reports — will  be 
performed.  The  main  goal  of  these  investigations  is  to  use  the  most  promising 
scavengers  found  in  the  past  and  current  experiments  and  to  confront  the  visibility 
measurement  with  a  simple  model  describing  the  action  of  a  population  of  scavengers 
dropped  in  a  smoke  cloud. 

The  study  of  the  smoke  aerosol  removal  by  inertial  and  diffusional  deposition  on 
oscillating  models  led  to  the  conclusion  that  the  increase  of  smoke  particle  (0.1  <  r 
<  2.0  pm)  deposition  on  oscillating  paper  disks  will  not  override  30%  of  the  total 
number  of  particles  deposited  on  stationary  disks  (E  ■  0.01).  In  general,  the 
oscillatory  motion  will  enhance  the  deposition  of  small  smoke  particles  on  the 
reverse  side  of  a  model. 

Because  of  the  insignificant  effect  of  phoretical  forces  around  the  artificial 
scavengers,  the  electrical  forces  seem  to  be  the  roost  important  for  smoke  particle 
deposition  in  the  Greenfield  gap.  The  models  permanently  charged  can  increase  their 
collection  efficiency  by  one  order  or  magnitude  (E  *  0.1).  There  ic  a  strong 
indication  that  field  charging— currently  studied— will  also  considerably  increase 
the  collection  of  smoke  particles.  The  electric  charge  on  scavengers,  however,  is 
quickly  neutralized  by  the  deposition  of  charged  smoke  particles  at  high 
concentration.  Another  possibility  to  increase  the  smoke  particle  removal  in  the 
Greenfield  gap  is  to  enhance  their  deposition  on  fast-evaporating  secondary 
droplets  of  composite  structure  (liquid-solid,  liquid-liquid)  and  use  subsequent 
removal  of  large  particles  (r  >  2.0  pm)  by  nonspherical  scavengers.  This  mechanism 
will  be  studied  in  the  future  and  will  be  the  subject  of  an  application  for  patent 
protection. 

Among  the  scavengers  tested,  the  grid  and  fiber  ("dust  magnet")  type  collectors 
seems  to  be  the  most  efficient.  They  are  very  efficient  in  the  domain  of  small 


particle  (r  <  0.35  ym)  removal  at  low  scavenger  fall  velocities  (v  ■  0.25  a  a-1). 
Currently  the  enhancement  of  their  collection  efficiency  by  a  suitable  electric 
charge  is  being  investigated.  Permanently  charged  grids  and  fibers  often  showed 
collection  efficiencies  higher  than  15%  (E  -  0.15). 
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FIGURE  1.  RATIO  OR  DEPOSITED  SMOKE  PARTICLES 
00  THE  FRONT  AMD  BACK  SIDE  OF  A  STATIONARY  AMD 
OSCILLATING  GLASS  DISK  (R-0.33  cm)  AS  A  FUNC¬ 
TION  OF  PARTICLE  SIZE.  Mom  values  were  cal¬ 
culated  from  11  individual  Measurement*  for 
stationary  disks  and  from  5  measurenenta  for 
disks  oscillating  at  a  frequency  10  Hs.  Bars 
indicate  the  maximal  scatter  of  individual 
Measurements  for  stationary  disks. 


DISK 


FIGURE  2.  MEASURED  AND  CALCULATED  (DASHED 
LINES)  COLLECTION  EFFICIENCIES  OF  A  DISX 
AT  0.1  <  Re  <  30.  Particle  deposition  was 
calculated  in  accordance  with  the  ewidel 
described  by  Martin  et  ai.  (1980)  and  by 
Martin  and  Podzimak  (1982) .  Electric 
charge  effect  was  calculated  for  Re  ■  50 
and  80  under  the  assumption  that  CoulOMb 
forces  with  inertial  and  phort  ic  forces 
were  effective. 
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FIGURE  5.  COLLECTION  EFFICIENCIES  OF  GRID  TYPE 
(MESH  300)  SCAVENGERS  FOR  DIFFERENT  SMOKE  PAR¬ 
TICLE  SIZE i  ELECTROSTATIC  CHARGE  AND  TWO  AIRFLOW 
VELOCITIES  (1.0  m  s_1  -  full  line)  0.25  m  a'l  - 
dashed  line) .  The  points  are  mean  values  of  2 
to  5  individual  measurements . 


FIGURE  6.  COMPARISON  OF  THE  COLLECTION 
EFFICIENCIES  (IN  %)  ON  THE  FRONT  SIDES 
OF  A  DISK  AND  A  GRID  in  dependence  of 
smoke  particle  size  and  electric  charge. 
Each  point  is  a  mean  value  of  3  individ¬ 
ual  measurements . 
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COLLISION  OF  NONSPHERICAL  AEROSOL  PARTICLES 


WITH  WATER  DROPS 


X.  H.  Leong 

University  of  Illinois  at  U-C 

Urbana,  1L  61801 

ABSTRACT 

This  theoretic.1  study  estimates  the  effects  of  nonspherical  particle  rotation  in  shear  flow  and 
the  particle  shape  dependency  of  the  thernophoretic  force  in  the  computation  of  collision  efficiencies 
of  small  evaporator*  vnter  droplets.  The  collision  efficiencies  obtained  for  nonepherical  aerosol 
particles  with  a  dO  .tm  radius  drop  showed  a  strong  dependence  on  the  axis  ratio  of  the  particles.  The 
results  indicate  thut  the  orientation  efforts  of  the  shear  flow  will  tend  to  decrease  the  thermo¬ 
phore  tic  force  on  particle  towards  t)  i.o  surface  and  the  gravity  effect  that  decreases  collision 
eiflclencv.  These  eftecta  can  lead  to  1.  dative  changes  in  the  collision  efflciencyi  lowering 
the  efficiencies  in  the  size  regime  where  phoresis  dominates  and  increasing  the  efficiencies  in  the 
regime  where  gravity  dominates. 

A  significantly  lower  thermophoresis  towards  a  drop  surface  for  nonspherical  particles  can  have 
significant  impacts  on  the  scavenging  efficiencies  of  cloud  droplets  by  reversing  the  direction  of 
phoresis.  Tt  has  been  shown  that  thermophoresis  dominates  over  diffusiophoresls  for  sjfherical  particles 
with  relatively  low  thermal  conductivity .  However,  for  the  case  of  a  nonspherical  particle  near  an 
evaporating  drop,  the  decrease  In  thermophoresls  because  of  the  orientation  effects  may  prevent  particle 
capture  whereas  enhancement  may  result  during  drop  growth.  The  decrease  of  the  gravity  effect  will 
also  have  a  significant  effect  in  that  the  so-called  Greenfield  gap  in  particle  scavenging  by  cloud 
droplets  may  be  substantially  reduced  because  of  the  higher  collection  efficiencies  of  nonspherical 
particles  in  that  size  regime. 

A  detailed  discussion  of  the  results  have  been  submitted  to  Aerosol  Science  and  Technology  for 
publication. 


II.  AEROSOL  CHARACTERIZATION  METHODS 
(Other  than  Aerodynamic  Methods  -  See  IC) 
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Figure  1 


AXIAL  RATIO 


The  dynamic  shape  factor  (d.s.f.)  as  a  function  of  the  axial  ratio 
for  spheroidal  particles.  The  d.s.f.  for  an  arbitrary  particle  is 
referenced  to  a  equal  volume  sphere.  We  seek  a  similar  represents 
tiori  for  the  optical  scaterirg  features. 


Figure  2  -  One  approach  co  the  parameterization  problem  is  to  reduce  the  ecatterin 
Information  contained  In  the  Mueller  Matrix  to  a  set  of  numbers. 
Example: 

(1)  Calculate  the  eight  nonzero  elements  of  the  matrix  for  a 
randomly  oriented  spheroid. 

(2)  Calculate  the  matrix  for  an  equal  volime  sphere. 


(3)  Calculate  the  root-mean- square  (r.m.s.)  difference  between 
the  eight  matrix  elements. 


AXIAL  RATIO 


Figure  3 


-  A  plot  of  the  r.m.8.  differences  of  four  of  the  matrix  elements 
as  a  function  of  the  axial  ratio.  Note  the  similarity  to  the 
dynamic  shape  factor  representation. 


Figure  4  -  Auxiliary  optical  scattering  Information  can  be  obtained  by  Fourier 
analyzing  the  angular  variation  of  the  matrix  elements.  Fig.  (a)  Is 
the  Mueller  Matrix  and  Fig.  (b)  shows  the  spectral  features  of  each 
clement.  Note  that  for  the  small  size  parameter  illustrated  here, 
only  low-frequency  spectra  result. 
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Figure  5  -  We  have  quantified  the  spectral  content  of  the  Pn  element  by 

calculating  the  frequency  at  which  half  of  the  energy'  is  contained 
In  lower  frequencies  and  half  is  contained  in  higher  frequencies. 

The  501  frequency  factor  haa  been  calculated  for  spheroids  of  different 
alze  and  shape.  (For  reference  -  the  sire  parameter  of  a  sphere  cor- 
responding  to  log.Q(V  x  k3)  -  3.0,  the  right  hand  end  of  the  horizontal 
scale,  is  6.2.)  We  note  that  for  these  nail  particles,  the  50Z  fre¬ 
quency  factor  is  almost  independent  of  particle  shape. 


log  10  (volume  x  k  ) 


Figure  7  -  Use  the  Fast  Fourier  Transform  (PFT)  on  the  P^  element’ and  find  the 
50Z  frequency  factor.  Read  Vxk3  from  the  curve  ■  61. 5.  Thle  gives 
the  volume  of  the  unknown  spherol ' .  Proa  this  ve  can  calculate  the 
size  parameter  of  the  equal-volume  sphere  (■  2.45). 


Figure  9  -  Calculate  the  r.m.s.  difference  between  the  Mueller  Matrix  of  the 
unknown  spheroid  and  that  of  the  equal  volume  sphere. 


AXIAL  RATIO 


Figure  10  -  Hark  the  r.m.s.  values  on  a  plot  of  r.m.s.  difference  as  a  function 
of  axial  ratio  which  has  been  calculated  for  spheroids  with  the 
volume  of  Interest.  The  only  results  that  fit  on  the  plot  Indicate 
that  the  unknown  spheroid  is  prolate  with  an  axial  ratio  of  1.85  (actu. 
isl.75).  The  actual  Vk^  is  65.45. 


Conclusion 


We  have  described  one  approach  to  parameterizing  the  scattering  features  of 
a  particle.  It  has  two  advantages:  (1)  It  uses  all  of  the  information  contained 
in  the  Mueller  Matrix,  and  (2)  the  representation  is  similar  to  that  which  is  used 
to  describe  particle  shape.  The  method  needs  to  be  tested  with  actual  measured 
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ABSTRACT 

This  paper  covers  experimental  details  of  testing  and  evaluation  of  various  metallic  pigments 
(metal  flakes).  Applied  are  different  methods  to  measure  the  major  axes  of  the  particles  as  well  as 
their  thickness,  l.e.  scanning  electron  microscopy  and  specific  watercoverage.  These  methods  are 
compared  with  results  obtained  by  cascade  Impactors. 


INTRODUCTION 

Simple  optical  considerations  In  the  domain  of  geometric  optics  as  well  as  model  calculations 
on  the  basis  of  RALEIGH-GANS  scattering  theory  for  small  ellipsoidal  particles,  have  shown  the  great 
influence  of  shape  effects  on  the  optical  behavior  of  small  particles  (Refs.  1,  2,  3).  The  results 
of  these  calculations  Indicate  that,  especially,  thin  metallic  particles  should  exhibit  broad  band 
spectral  characteristics .  Chamber  measurements  have  proven  this  fact.  Therefore,  greater  effort 
has  been  placed  on  the  characterization  of  this  type  of  particles. 

EXPERIMENTAL 

The  size  characterization  of  spherical  particles  having  well  known  physlcol  parameters  such  as 
optical  constants,  specific  gravity,  etc.  Is  In  itself  not  a  simple  measuring  procedure.  On  the 
contrary.  It  Is  one  of  the  most  difficult  problems  In  modern  aerosol  research.  Difficulties  may 
arise  from  many  factors,  e.g.,  lack  of  accepted  aerosol  standards  for  calibration  purposes,  limited 
dynamic  ranges  of  aerosol  classifiers  for  particle  size  and  number  density,  sampling  problems  due  to 
aerosol  transport  problems,  etc.  These  difficulties,  obviously.  Increase  when  dealing  with  Irregu¬ 
larly  shaped  particles.  In  addition,  It  was  the  criterion  for  this  work  that  only  simple  and 

easily  performed  techniques  were  sought.  The  following  types  of  measurement  techniques  have  been 

2 

applied:  Determination  of  the  specific  water  coverage  S  (m  /q)  and  specific  bulk  gravity  of  the  par- 

3 

tides  o  (g/cm  )  allow  the  determination  of  the  mean  particle  thickness  D  (ym).  Information  on  the 
great  axes  of  the  platelets  has  been  obtained  by  scanning  electron  microscopy  (SEM)  and  further 
statistical  analysis.  The  samples  for  SEM  analysis  have  been  collected  on  adhesive  targets  by 

gravimetric  settling  of  the  aerosolized  particles  during  the  actual  optical  measuring  process.  Nor¬ 
mally,  per  trial,  about  15  different  SEM  photographs,  each  containing  about  30  particles  with  appro- 
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prlate  magnification,  are  generated.  The  contours  of  the  particles  are  digitized  using  a  pencil 
follower,  and  fed  Into  a  computer.  For  each  particle,  an  equivalent  diameter  of  a  circle  having 
the  same  aspect  area  as  the  particle  under  Investigation  Is  computed.  A  software  package  has  been 
developed  for  statistical  analysis  of  these  equivalent  diameters.  Computed  are,  for  example,  the 
moments  (1  =  1,  2,  3,  4)  of  the  size  distribution  as  well  as  the  geometric  mean  diameter  0^ 
and  the  geometric  standard  deviation  o  .  From  these  moments  a  variety  of  different  characteristic 
diameters  may  be  computed  as  shown  In  Table  1.  For  further  definitions  see  Ref.  4. 

As  a  prototype  for  aerodynamic  measurements,  cascade  Impactors  have  been  used  for  particle  size 
determination  also.  Although  the  Implied  theory  calls  for  spherical  particles,  this  type  of  aerosol 
classifier  Is  still  useful,  especially,  In  chat -cterlzlng  dense  aerosols. 

Both  types  of  particle  classification  have  the  advantage  of  characterizing  the  aerosol  rather 
than  the  material  as  delivered.  Aerosol  yield  factors,  on  the  order  of  0.4  or  smaller,  Indicate 
that  particle  sizes  determined  on  material  as  received  may  be  different  from  those  characterizing 
the  aerosol • 

RESULTS 

Table  2  contains  the  aerodynamic  particle  size  data  for  two  metallic  aerosols  I R -Ml  and  IR-M2 

K 

as  an  example.  Llstea  are  the  mass  median  diameters  (urn),  the  geometric  standard  deviations 

K 

og.  and  the  corresponding  particle  masses  (g)  assuming  spherical  particles. 

Table  3  sumnarlzes  the  data  from  statistical  analysis  of  SEM  photographs  for  the  materials 
IR-M1  and  IR-M2. 

Table  4  contains  the  data  for  the  specific  coverage  of  water  S  and  the  deduced  average  thickness 
D  of  the  particles. 

Figures  1  and  2  are  plots  of  the  SEM  data  In  cumulative  form.  Figure  1  is  the  cumulative 
number  distribution  of  aerosol  IR-M1  having  to  a  SEM  count  median  diameter  «  2.2  um.  Assuming, 
for  the  particles, dlsksof  thickness  0  as  determined  by  the  specific-water-coverage  method,  this  number 
distribution  may  be  converted  Into  a  cumulative  mass  distribution,  which  Is  plotted  In  Figure  2. 

For  further  comparison  the  cascade  Impactor  data  are  give  In  Figure  3.  When  assuming  spheres,  the 
mass  median  diameter  for  material  IR-M1  becomes  =  0.98  um.  In  the  disk  model  this  parameter 
becomes  dJL  «  2.64  um. 

HH 

Applying  this  procedure  to  similar  materials  IR-M2,  IR-B1  and  IR-B2,  all  having  nearly  the 


same  density  and  thickness  as  material  IR-M1,  the  Impactor  data  may  be  related  to  the  SEM  data  as 
shown  In  figure  4.  This  graph  Indicates  that  the  aerodynamic  diameters  determined  by  the  cascade 
Impactor  are  strongly  dependent  on  the  particle  shape.  The  impaction  efficiency  of  disk-type  mate¬ 
rials  Is  much  greater  than  the  Impaction  efflency  of  spheres  having  the  same  mass. 

Table  5  summarizes  all  discussed  particle  data  for  material  1R-M1.  The  SEM  analysis  leads  to 
a  ranking  of  the  diameters,  which  Is  expected  for  a  "loa-normal-dlstrlbutlon",  namely, 

°NM  <  °g  <  °J  <  °2<  Dm<  °32 
whereas  In  the  discussed  case  the  Impactor  leads  to 

°w<  Di  ■ 

SUMMARY  AND  CONCLUSIONS 

Statistical  analysis  of  SEM  photographs  and  cascade  Impactors  have  been  used  for  particle 
analysis  of  dense  aerosols  consisting  of  strongly  aspherlcal  particles.  Although  these  techniques 
are  non-real  time  measurement  techniques,  they  seem  to  be  useful  tools  In  characterizing  metal 
flakes.  In  future  experiments  these  techniques  will  be  compared  with  optical  particle  sl2e 
analyzers. 
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TABLE  1.  DEFINITIONS 

Characteristic  Particle  Diameters 


D,  - 

M,  -  D 

Arithmetic  Mean 

°2  - 

Pa'2 

Area  Mean 

°3  ~ 

1/3 

^3 

Volume  Mean 

II 

CM 

P) 

a 

P37  Ma 

Volume  /  Area  Mean 

n 

CO 

Q 

M4  '  Hs 

Mass  Mean 

Da  = 

expdf^nD.) 

Geometric  Mean 

= 

exp(Sf|(D|/Dg)2) 

Geom.  Stand.  Dev. 

TABLE  2.  MASS  MEDIAN  DIAMETERS  0^,  GEOMETRIC  STANDARD  DEVIATIONS  oq,  AND  CORRESPONDING  PARTICLE 
MASSES  M* 


!  4  ^ 

°g 

1 

;  "!U  l5> 

IR-M1 

0.98 

1.69 

3.42‘  10 

IR-M2 

1.29 

1.68 

-12 

8.00' 10 

%  SMALLER  THAN  SIZE  %  SMALLER  THAN  SIZE 
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FIGURE  1.  SEM  CUMULATIVE  HUMBER  DISTRIBUTION 
Tor  materiel  1R-M1. 


FIGURE  2.  SEM  CUMULATIVE  MASS  DISTRIBUTION 
for  material  IR-M1. 
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%  SMALLER  THAN  SIZE 


Cumulative  Mass  Distribution 


FIGURE  3.  CASCADE  IMPACTOR  CUMULATIVE  MASS 
DISTRIBUTION  for  material  IR-M1. 
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FIGURE  4.  COMPARISON  OF  MASS  MEDIAN  DIAMETERS.  Cascade  Impactor  mass  median 
diameters  are  plotted  versus  SEM  mass  median  diameters  for  different  materials. 
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APPLICATIONS  OF  CONDITION  NUMBERS  IN  PARTICLE  SIZE 
ANALYSIS  AND  LINEAR  REGRESSION 
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and  J.  W.  Gentry 

Department  of  Chemical  Engineering 
University  of  Maryland 
College  Park,  Maryland  20742 


INTRODUCTION 

The  objective  of  this  paper  is  to  show  that  mathematical  parameters  designed  as 
condition  numbers  can  be  generalized  to  provide  a  guide  for  preliminary  experimental 
design  and  to  provide  explanations  for  observed  experimental  phenomena. 

Three  cases  were  used  to  illustrate  the  above. 

1.  Condition  numbers  were  used  to  provide  criteria  for  the  selection  of  indicator 
elements  in  identifying  pollutant  sources  from  trace  element  analysis, 

2.  condition  numbers  were  used  to  provide  a  means  of  comparing  different  classi-. 
fiers  and  evaluating  inversion  algorithms  in  determining  the  size  distribution  of 
aerosols, 

3.  Condition  numbers  were  used  to  suggest  an  appropriate  form  for  the  development  of 
semi -empirical  correlations. 


CONDITION  NUMBERS 

Condition  numbers  provide  quantitative  criteria  for  determining  how  well  con¬ 
ditioned  a  set  of  linear,  algebraic  equations  is.  For  a  badly  conditioned  set  of 
equations  a  small  perturbation  in  the  forcing  function  implies  a  large  change  in  the 
solutions.  Specifically  for  the  equations: 


‘ix  *k  ■  1 
The  relative  change  in  the  norms  of  the  solution  vector  are  bounded  by  the  product  of 
the  relative  norm  of  the  forcing  function  and  the  condition  number 


iAXlp  UB| 

*  cp  mf 


(2) 


Although  the  condition  numbers  differ  slightly  depending  on  the  particular  non  used, 
one  can  establish  that  condition  numbers  for  two  different  norms  p  and  p'  are  related 
by  the  inequality 


0.  Cri  *  <  CB 
1  p  -  p 


1  °2 


(3) 
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where  end  aj  ere  conotent  ^  1/3  end  3  respectively. 

In  summary  one  can  calculate  a  condition  number  for  any  norm  and  be  assured  that 
the  condition  number  for  any  other  norm  would  show  the  same  qualitative  behavior. 

CASE-1  (Indicator  Elements) 

Recent  work  in  identifying  the  relative  strengths  of  generic  sources  (i.e.  oil- 
fired  combusion,  automobiles,  etc.)  has  been  based  on  the  solution  of  the  algebraic 
equations : 

lA^A] i j  Sj  -  (ATB)i  (4) 

where  A  is  a  matrix  whose  elements  are  the  elemental  strengths  for  different  generic 
sources,  S  are  the  magnitudes  of  the  sources,  and  B  are  the  elemental  composition  in 
the  measured  ambient  samples.  The  number  of  elements  as  determined  by  neutron  acti¬ 
vation  exceeds  the  number  of  sources ,  so  that  in  general  the  sources  are  determined 
from  least  squares  regression.  Recently  Gordon  and  co-workers  suggested  that  a  pre¬ 
selection  of  6-8  indicator  elements  gave  better  (more  stable)  estimates  of  the  generic 
source  strengths. 

We  were  able  to  show  that  the  condition  numbers  for  a  properly  chosen  sub-class  of 
elements  were  substantially  less  than  for  all  elements.  Furthermore,  choosing  elements 
so  that  the  condition  number  is  minimized  results  in  choosing  the  same  group  of 
elements  found  by  trial  and  error  to  yield  the  most  stable  estimates  of  the  sources. 
Furthermore,  the  number  of  sources  that  could  be  obtained  with  reasonable  values  for  the 
condition  number  were  consistent  with  practice.  In  summary,  selecting  sources  and 
indicator  elements  based  on  the  criterion  of  minimum  condition  number  suggested  the 
same  procedures  as  currently  used. 

CASE-II 

We  examined  the  inversion  algorithms  to  determine  particle  size  distributions  from 
panatration  or  efficiency  measurements  by  computing  the  condition  numbers.  These  con¬ 
dition  numbers  were  based  on  the  algebraic  equations 

N 

l  EfUwD.)  F,  =  177  (5) 

j-1  1  3  3  1 

where  F ^  is  the  frequency  of  particles  in  size  class  j,  17^  is  the  measured 
efficiency  at  condition  2^,  and  Ef(2^,D^)  are  the  theoretical  efficiencies.  We 
found  that: 

1.  The  condition  numbers  were  strongly  dependent  on  the  type  of  classifier  (Table 
1) .  This  limited  the  number  of  size  classes  that  could  be  obtained  from  experimental 
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TABLE  I.  CONDITION  NUMBERS  FOR  CLASSIFIERS 


C1 

C2 

Inertial  Impactor 

1.2 

1.2 

1.2 

Elutriator 

2.3*102 

1.5*102 

1.9*10 

Diffusion  Battery 

3.4*104 

2.0*104 

2.8*10 

Cyclone 

2.3.102 

1 . 6  *102 

2.0*10 

TABLE  II. 

NUMBER  OF  COLLOCATION 

POINTS  OR 

PARAMTBRS 

OBTAINABLE  FROM  PENETRATION  MEASUREMENTS 
<  5 
7-13 


Diffusion  Battery 

Elutriator 

Impactor 


Not  Restricted  {>  13) 


measurements. 


2.  Lower  condition  numbers  were  obtained  when  the  frequencies  were  analyzed  as 
discrete  sizes  rather  than  cumulative  distributions. 

3.  The  condition  numbers  were  altered  when  the  operating  conditions  of  the 
experiments  was  varied.  These  results  are  consistent  with  previously  reported 
measurements  and  suggest  apriori  criteria  for  experimental  design.  More  promising  is 
the  fact  that  the  condition  number  can  be  reduced  by  selecting  the  operating  conditions 
of  experiments  differently. 

CASE-111 

We  have  found  that  the  condition  number  can  be  used  as  an  apriori  check  on  the 
function  forms  for  empirical  correlations.  For  example,  the  heat  of  vaporization  (Hv) 
of  a  compound  is  frequently  expressed  as  a  power  series  in  temperature  i.e. 

H  *  A  +  A. T  +  A,T2  +  A,T3  +  . ..+  An  T°  (6) 

v  o  1  i  3 

Computing  the  condition  numbers  for  a  set  of  linear  equations  derived  from  equation  (6), 
one  finds  that  there  is  a  jump  of  several  orders  of  magnitude  between  n  =  3  and  n  =  4. 
The  conclusion  one  should  draw  is  that  no  more  than  three  terms  (assuming  the  power 
series)  should  be  used  for  fitting  the  experimental  measurements. 


CONCLUSION 

The  condition  numbers  are  simple,  quantitative  measurements  of  how  well- conditioned 
a  set  of  linear,  algebraic  equations  are.  We  have  found  that  they  provide  explanations 
for  current  practice  in  the  selection  of  indicator  elements,  in  inversion  of  diffusion 
battery  measurements,  and  in  empirical  correlations.  More  important  they  suggest 
criteria  for  evaluatinn  inversion  algorithms  and  experiment  design. 
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ABSTRACT 

This  paper  describes  a  technique  for  sizing  dielectric  spheres  resting  on  substrates  based  on 
their  measured  fluorescence  spectra.  The  experimental  methods,  sizing  algorithm,  and  typical  results 
are  presented.  This  work  has  been  presented,  published,  and  submitted  for  publication  as  follows: 

R,  E.  Benner,  S.  C.  Hill,  C.  K.  Rushforth,  and  P.  R.  Conwell,  "Use  of  Structural  Resonances  In 
Fluorescence  Emission  for  Sizing  Spheres  Resting  on  Substrates,"  1984  CRDC  Conference  on  Obscuration 
and  Aerosol  Research,  June  1984, 

S.  C.  Hill,  R.  E.  Benner,  C.  K,  Rushforth,  and  P.  R.  Conwell,  "Structural  Resonances  Observed  In 
the  Fluorescence  Emission  from  Small  Spheres  on  Substrates,"  Appl.  Opt.  23  (1984)  1680. 

P.  R.  Conwell,  C.  K.  Rushforth,  R.  E.  Benner,  and  S.  C.  Hill,  "An  Efficient  Automated  Algorithm 
for  the  Sizing  of  Dielectric  Microspheres  Using  the  Resonance  Spectrum,"  to  be  published  in  J.  Opt. 
Soc.  Am.  A,  December,  1984. 

(i'  sizing  algorithm  described  In  this  paper  Is  currently  being  extended  to  Include  the 
possibility  of  multiple  orders  of  resonance  being  present  In  the  observed  resonance  spectra. 


INTRODUCTION 

The  existence  of  resonances  In  the  elastic  scattering  efficiency  for  small  dielectric  spheres  as  a 
function  of  wavelength  In  the  visible  portion  of  the  spectrum  has  been  well  established  [1-6]. 

Analogous  resonances  are  also  observed  In  the  fluorescence  and  Raman  emission  from  small  spheres  [7,8], 
By  analyzing  the  features  of  resonance  spectra,  an  accurate  Indication  of  particle  size  and  relative 
refractive  Index  can  be  obtained.  For  example,  we  have  recently  reported  an  automated  algorithm  for 
extracting  sphere  size  from  resonance  data  In  which  only  first  order  resonances  are  observed  [9],  This 
algorithm  Is  based  only  on  the  wavelength  positions  of  the  resonances  and  requires  that  the  relative 
refractive  Index  of  the  sphere  as  a  function  of  wavelength  be  known  exactly.  In  other  work,  both  size 
and  refractive  Index  were  determined  by  analyzing  llneshape  features  of  resonance  data  [10],  Although 
the  resonance  locations  predicted  by  elastic  scattering  theory  are  known  to  correspond  to  those 
measured  In  fluorescence  and  Raman  emission  [7,8],  a  detailed  theory  for  predicting  llneshape  features 
In  fluorescence  emission  Is  not  yet  available.  Such  a  theory  would  need  to  account  for 
position-dependent  optical  gain  within  the  particle.  Models  for  the  fluorescence  and  spontaneous  Raman 


Mission  of  smal 1  spheres  [11]  and  for  tha  stimulated  emission  of  small  spheres  under  conditions  of 
constant  gain  [12]  have  been  presented. 

In  previous  work  Involving  the  use  of  structural  resonances  for  sizing  small  particles,  the 
part.cles  have  been  suspended  In  homogeneous  media  such  as  air  or  water.  Studies  In  homogeneous 
surroundings  are  appropriate  for  applications  such  as  aerosol  sizing  and  cell  sorting  based  on 
fluorescence  emission  or  for  the  chemical  Identification  of  aerosols  by  Raman  scattering.  For  some 
applications,  however.  It  Is  desirable  to  deposit  particulates  on  a  substrate  prior  to  analysis.  For 
exa«>1e.  the  collection  of  aerosols  on  filters  prior  to  analysis  Is  often  necessary  to  obtain  a 
statistically  valid  sample.  In  addition,  particulate  samples  for  Raman  microprobe  analysis  are  often 
deposited  on  substrates  to  facilitate  heat  conduction  [13].  Our  recent  work  has  addressed  the  question 
of  whether  or  not  our  sizing  algorithm  [9]  which  Is  based  on  the  elastic  scattering  by  spheres  In 
homogeneous  surroundings  can  be  adapted  to  the  sizing  of  spheres  resting  on  substrates  based  on  their 
inelastic  (fluorescence  or  Raman)  emission.  We  have  found  that  the  wavelength  positions,  at  which  the 
resonances  of  a  polystyrene  sphere  having  a  diameter  In  the  range  between  approximately  4  and  10 
micrometers  occur.do  not  appear  to  be  significantly  affected  by  deposition  on  a  dielectric  substrate. 
However.  In  some  cases,  the  resonant  peaks  from  spheres  on  dielectric  substrates  appear  to  be  slightly 
broadened  and  attenuated  compared  to  the  corresponding  peaks  when  similar  spheres  are  examined  In 
homogeneous  surroundings.  In  addition.  In  the  spectra  of  spheres  resting  on  silver  surfaces,  the 
amplitudes  of  transverse  magnetic  modes  are  decreased  [14]. 

EXPERIMENTAL 

Fluorescence  data  from  dye-1  impregnated,  polystyrene  spheres  deposited  on  substrates  were  obtained 
using  conventional  Raman  microprobe  Instrumentation.  Radiation  from  an  argon  laser  operating  at  514.5 
nm  was  focused  by  the  objective  (40X)  of  a  Zeiss  optical  microscope  onto  a  single  sphere  deposited  on  a 
polished  Silicon  wafer.  Verification  that  only  a  single  sphere  was  being  Illuminated  was  accomplished 
by  viewing  the  scattering  volume  through  the  microscope  eyepieces.  The  Inelastic  emission  from  the 
sphere  was  collected  with  the  same  40X  objective  and  Imaged  through  a  series  of  beam  splitters  onto  the 
entrance  slit  of  a  scanning  triple  monochromator.  A  GrAs  photomultiplier  end  photon  counting 
electronics  were  used  for  detection.  Figure  1  (a)  displays  the  fluorescence  Intensity  measured  as  a 
function  of  wavelength  from  a  dye-  Impregnated  polystyrene  sphere  having  a  nominal  diameter  of  5.08 
micrometers  with  a  standard  deviation  cf  3X.  Excellent  correspondence  between  the  resonance  locations 
1r  the  measured  fluorescence  spectrum  and  those  In  the  calculated  elastic  scattering  efficiency  for  a 
polystyrene  sphere  with  a  diameter  of  5.1802  micrometers  was  obtained.  It  should,  however,  be  noted 
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that  the  experimental  fluorescence  llnewldths  are  substantially  broader  than  those  predicted  by  the 
elastic  scattering  theory.  In  addition,  both  first  and  second  order  resonances  were  observed  In  the 
fluorescence  emission.  In  order  to  achieve  such  good  agreement  between  the  experimental  and  calculated 
spectra,  It  was  necessary  to  account  for  the  dispersion  In  the  refractive  Index  of  polystyrene  over  the 
wavelength  range  of  the  experiment.  The  sphere  diameter  of  5.1802  micrometers,  which  Is  well  within 
the  standard  deviation  of  our  lot  of  spheres,  was  determined  by  the  sizing  algorithm  described  below. 

SIZING  AGORITHM 

The  sphere  sizing  algorithm  used  In  this  study  has  been  described  In  detail  elsewhere  [9,15].  A 
key  feature  of  the  algorithm  Is  that  It  Is  based  on  peak  locations  only  and  does  not  require  an 
analysis  of  llneshape  features.  Thus,  It  can  be  applied  to  fluorescence  as  well  as  other  types  of 
spectroscopic  data.  The  algorithm  does,  however,  currently  require  that  the  relative  refractive  Index 
of  the  sphere  bo  known  exactly  as  a  function  of  wavelength.  Our  Initial  algorithm  [9]  was  limited  to 
cases  In  which  only  first  order  resonances  were  observed,  but  this  restriction  has  been  eliminated  In 
the  current  algorithm  [15].  Both  algorithms  employ  a  peak  detection  routine  that  determines  the 
resonant  frequencies  which  are  present  In  experimentally  measured  spectra.  The  measured  resonance 
locations  are  than  compared  with  entries  from  a  library  of  stored  resonance  locations  to  determine  the 
most  likely  radius  of  the  particle.  The  details  of  the  resonance  location  matching  routines  depend 
upon  whether  one  or  more  orders  of  resonance  are  present  In  the  experimental  data.  Nevertheless,  both 
algorithms  are  computationally  efficient  and  could  be  automated  for  nearly  real-time  analysis  of  sphere 
size  using  a  microprocessor. 


CONCLUSION 

Structural  resonances  have  been  observed  In  the  fluorescence  emission  from  microspheres  deposited 
on  substrates.  It  Is  significant  that  the  subst.-ates  do  not  appear  to  affect  the  peak  locations  of  the 
resonances  of  the  spheres.  Thus,  the  sizing  algorithm  we  have  developed  for  sizing  spheres  In 
homogeneous  surroundings  can  also  be  applied  to  sizing  spheres  collected  on  filters  or  other  surfaces. 

A  major  advantage  of  our  experimental  approach  of  using  a  Raman  microprobe  configuration  In  conjunction 
with  spheres  on  substrates  Is  that  the  particle  remains  fixed  In  space  and  can  be  examined  for  extended 
periods  to  Improve  spectroscopic  slgnal-to-nolse  ratios.  It  should  also  be  possible  to  study  the 
scattering  from  clusters  of  multiple  particles. 

We  thank  the  National  Science  Foundation  for  partial  support  of  this  work  under  grant  CPE-8116087. 
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ABSTRACT 

This  paper  is  an  Interim  report  on  work  In  progress  toward  designing  and  developing  a  multichannel 
nephelometer,  which  accesses,  measures,  and  records  the  far-fleld  scattering  pattern  of  a  single  aerosol  particle 
illuminated  by  a  CW  laser.  Future  work  will  include  the  integration  of  systems,  an  extensive  test  program,  and 
delivery  and  demonstration  of  the  device  to  CRDC. 

INTRODUCTION 

The  Boeing  Aerospace  Company  is  developing  and  building  a  multichannel  nephelometer  capable  of  measuring 
and  recording  the  far-field  light-scattering  pattern  generated  by  the  interaction  of  individual  particles  of  an  aerosol 
with  a  laser  beam.  Since  calibrating  the  light-scattering  pattern  for  even  the  most  simple  nonspherlcal  particle 
(e.g.,  an  ellipsoid)  is  difficult  at  best,  a  method  of  building  an  empirical  data  base  relating  scattering  patterns  to 
particle  physical  characteristics  for  various  aerosol  types  is  required.  This  relationship  may  possibly  be  Inverted  so 
that  the  light-scattering  pattern,  Including  polarization  information,  will  be  useful  in  characterizing  the  optical 
properties  of  the  particles  for  purposes  such  as  identification  of  remote  aerosols  or  evaluation  as  obscurants.  This 
instrument  will  also  be  useful  in  comparing  actual  light-scattering  measurements  to  theoretical  scattering  models 
that  are  being  developed. 

The  multichannel  nephelometer  unit  includes  an  aerosol  system,  scattering  chamber,  and  data  acquisition 
system.  Figure  1  shows  a  conceptual  drawing  of  the  multichannel  nephelometer.  The  mounting  table  Is  3  by  6  ft  and 
is  mounted  on  casters  with  retractable  support  pads.  The  overall  height  is  S  ft.  Aerosol  dlluters,  which  draw  the 
sample  from  a  source,  are  mounted  on  rollout  slides  for  ease  of  operation  in  their  overhead  location.  The  rack 
holding  these  dlluters  can  be  dismounted,  which  will  allow  the  system  to  clear  the  top  of  doorways.  The  .r  Is 
mounted  under  the  table,  allowing  the  entire  system  to  maintain  mechanical  and  optical  alignment  once  initial  setup 
is  completed.  The  chamber  unit  is  thus  basically  self-contained,  requiring  only  power,  aerosol  source,  and  data 
output  connections.  Depending  on  their  configuration,  it  it  possible  that  additional  small  aerosol  sources  could  be 
mounted  directly  to  the  dlluters  to  perform  other  operations  such  as  calibration. 

The  front-end  electronics  are  attached  directly  to  the  photomultiplier  tube  detectors  on  the  sphere.  The 
remainder  of  the  data  acquisition  system  consists  of  a  computer,  monitor,  keyboard,  A/D  converter,  printer,  and 
power  supplies  attached  by  a  cable  bundle  to  the  front-end  electronics. 

Figure  2  illustrates  the  relationship  between  system-level  requirements  and  allocated  system  requirements. 
The  system  goals  shown  in  the  center  block  determine  the  design  requirements  of  the  three  systems.  In  addition, 
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each  system  has  individual  design  objectives  shown  in  the  outer  blocks.  Other  system-level  requirements,  3hown  In 
the  ovals,  result  in  design  compromises  between  only  two  systems.  The  design  process  consists  of  optimizing  this 
interactive  network  of  requirements.  These  systems  are  described  in  detail  in  the  sections  that  follow  and  are 
briefly  summarized  below. 

AEROSOL  SAMPLING  SYSTEM 

The  aerosol  sampling  system  is  designed  to  sample  aerosols  of  number  densities  up  to  106  partlcles/cc,  dilute 
as  required  (with  minimal  size  biasing)  to  produce  a  flowing  stream  of  single  aerosol  particles,  and  entrain  that  flow 
In  a  laminar  clean  air  sheath  directed  through  the  laser  beam.  The  particles  traverse  the  laser  beam,  one  at  a  time, 
at  a  nominal  rate  of  10  particles/sec,  and  arc  expected  to  rotate  less  than  3.6°  during  their  transit  through  the  laser 
beam. 

Dilution  Is  accomplished  by  two  ATEC  303-LF  diiuters,  which  achieve  the  desired  aerosol  concentration  by 
successively  drawing  off  samples  of  the  aerosol  through  capillary  tubes  and  mixing  them  with  clean  air  (see 
figure  3).  The  diiuters  are  stacked  vertically  to  minimize  the  bias  of  larger  particle  sizes  and  allow  cascading. 

Localization  and  confinement  of  the  diluted  stream  through  the  laser  beam  sampling  volume  is  provided  by 
sheath  air  and  purge  air  flows  working  In  conjunction  (figure  4).  The  sheath  air  laminar  flow  jet  surrounding  the 
diluted  aerosol  sample  is  added  in  a  specially  designed  block  that  serves  to  localize  the  particles  and  minimize 
contamination  to  the  light-scattering  chamber  and  optics.  A  purge  air  flow  is  added  to  the  chamber  and  Is  regulated 
so  as  to  reinforce  the  integrity  of  the  sheath  air  jet  across  the  gap  where  the  scattering  event  occurs. 

All  the  aerosol  particles  are  trapped  on  filters  prior  to  exhausting  the  air.  The  entire  sampling  train  is 
constructed  to  allow  easy  disassembly  for  routine  cleaning  and  Inspection  (figure  ?). 

LIGHT-SCATTERING  CHAMBER 

The  light-scattering  system  Includes  a  visible  argon-ion  laser,  a  1 0.4-in-diameter  scattering  chamber,  and  108 
photodetectors.  The  1.5-mm-diameter  CW  laser  beam  is  to  be  shielded  by  an  optically  sealed  entrainment  system 
that  complies  with  TB  MED279,  "Control  of  Hazards  to  Health  Prom  Laser  Radiation."  A  14-In  access  space  is 
provided  in  front  of  the  scattering  chamber. 

The  scattered  light  resulting  from  the  Intersection  of  the  0.3-  to  1 0-mlcron  particles  with  the  laser  beam  is 
received  by  Individual  and  arrayed  photodetectors  surrounding  the  intersection  point.  The  detectors  are  arranged  In 
an  unsymmetric  fashion  along  great  circles  of  the  spherical  chamber  and  lie  in  three  planes  spaced  by  43°  (see 
figure  6).  Detection  begins  at  9°  from  forward  scatter  and  extends  to  within  1 1°  of  the  backscatter. 


The  arrayed  detectors,  situated  from  90  to  210  off  the  forward  scatter  direction  where  additional  resolution  is 
required,  use  Hamamatsu  R1770  photomultiplier  tubes  selected  for  their  response,  geometry,  and  spacing  attributes 
(see  figure  7).  As  reflected  light  was  not  considered  a  problem  for  the  array  units  in  the  near-forward  direction,  a 
simple  optical  design  was  developed,  consisting  of  a  rotatable  polarizer  and  an  aperture  plate  in  front  of  eight 
rectangular  photomultiplier  tubes.  Each  detector  element  subtends  1.3°. 

The  individual  detectors  use  Hamamatsu  R647  photomultiplier  tubes,  selected  because  of  their  cylindrical 
geometry  and  response  characteristics  (see  figure  8).  They  are  mounted  in  black  plastic  molded  assemblies  which 
contain  a  removable  sheet-type  dichroic  linear  polarizer  preceded  by  a  lens  and  pinhole  system  that  strictly  limits 
their  field  of  view,  thus  minimizing  the  "noise"  factor  from  reflections  within  the  chamber.  Their  unsymmetric 
spacing  also  prevents  specular  reflections  off  optics  in  the  near-forward  scattering  directions  from  reaching 
detectors  in  the  near-backscatter  direction.  Each  individual  detector  subtends  6°. 

The  response  levels  from  the  detectors  allow  intensity  m.-asurement  accuracies  of  the  scattered  light  to  110% 
in  the  0o  to  90<>  region  and  ±50%  in  the  90°  to  110°  and  140 J  to  180°  regions.  These  accuracies  are  based  on  the 
"worst  case"  of  a  0.3-mlcron  particle  with  albedo  not  less  than  0.5. 

The  scattering  chamber  itself  consists  of  two  near-hemispheric  shells  bolted  to  a  mounted  plate  housing  the 
sampling  system.  Its  walls  arc  anodized  black  to  decrease  surface  reflections.  The  chamber  is  designed  for  easy 
access  and  disassembly.  Numerous  O-rlngs  seal  the  system  both  mechanically  and  optically. 

DATA  ACQUISITION  SYSTEM 

The  data  acquisition  system  reads  the  detector  responses  to  each  scattering  event,  digitizes  that  Information, 
and  stores  the  results  on  computer  memory  for  subsequent  analysis  (figure  9).  The  front-end  electronics  package 
filters  the  signal  from  the  photomultiplier  tubes  using  a  bandwidth  selected  (as  determined  by  the  pulse  width  of  the 
scattered  light)  to  reduce  the  system's  sensitivity  to  molecular  scattering  and  signal  noise.  Further  signal  processing 
on  detected  scattering  waveforms  is  performed  to  allow  dynamic  rejection  of  data  from  particles  moving  slower  and 
faster  than  the  "design"  velocity.  The  signal  is  then  amplified,  logarithmically  compressed  into  a  standard  voltage 
range,  stored  by  a  track/hold  amplifier,  and  digitized  for  input  to  the  computer.  The  computer  stores  the  Intensity 
measurements  of  119  of  these  signal  channels  at  a  nominal  rate  of  10  partlcles/sec.  Data  sufficient  to  characterize 
six  aerosols  (six  Mueller  matrices)  can  be  held  on  a  mass  storage  disk.  The  data  to  characterize  each  aerosol  may  be 
transferred  to  three  floppy  diskettes  for  long-term  storage.  In  addition  to  the  basic  data  acquisition  circuitry  and 
main  computer,  the  data  processing  equipment  includes  a  graphics  terminal,  a  graphics  printer,  and  the  auxiliary 
floppy  diskette  drive  used  for  long-term  storage. 
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SYSTEM  INTEGRATION  AND  TESTING 


The  operational  and  functional  characteristics  of  the  multichannel  nephelometer  will  be  demonstrated  In  a  test 
program  designed  to  exercise  the  system  over  its  full  range  of  capabilities  and  to  define  the  limits  of  these 
capabilities.  After  the  hardware  and  software  of  the  systems  are  integrated  and  tested  individually  and  in  different 
combinations  to  confirm  operation  as  designed,  the  three  systems  will  be  combined  and  tested  to  ensure  compliance 


with  the  required  performance  levels. 
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PROGRESS  OP  INVERSION  TECHNIQUE  EVALUATION 
J.  R.  Bottlger 

Chemical  Research  and  Development  Center 
Aberdeen  proving  Ground,  HD  21010-5423 

ABSTRACT 

Light  scattering  data  corresponding  to  four  trial  particle  site  distribution 
functions  has  been  generated  and  used  (by  others)  as  the  basis  for  inversions.  We 
report  here  on  the  nature  of  the  synthetic  scattering  data  and  make  some  observations 
on  the  adequacy  of  the  returned  solutions. 

1.  INTRODUCTION 

For  the  purpose  of  following  dynamic  processes  in  conventional 

evaporation/condensation  obscurants  such  as  phosphorus  smokes  and  diesel  oil,  the  Army 
aerosol  research  program  would  benefit  greatly  from  a  method  of  particle  slse 
distribution  determination  based  on  Inversion  of  light  scattering  data.  Such  methods 
would  be  non-lntrus lve  and  potentially  very  rapid  -  at  least  in  the  acquisition  of 
data.  Numerous  inversion  techniques  have  already  been  developed  for  other  areas  of 
study,  particularly  In  the  field  of  meteorological  remote  sensing.  However,  our 
application,  dealing  with  distributions  of  truly  spherical  particles,  provides  a 
nearly  ideal  teat  bed  for  evaluating  the  relative  merits  of  inversion  techniques  since 
the  needed  kernel  functions  are  exact  and  readily  calculated  by  the  Mle  theory. 
Accordingly  we  have  undertaken  a  study  to  answer  such  questions  as  1)  what 
measurements  should  be  Included  in  the  data  set  upon  which  an  inversion  is  to  be 
performed;  2)  which  mathematical  technique  ehould  be  employed;  3)  what  is  the 

consequence  of  experimental  errors  in  the  light  scattering  measurements;  and  4)  what 

priori  knowledge  (or  assumptions)  about  the  distribution  is  required  or  desirable  and 

what  is  the  effect  of  Incomplete  or  incorrect  assumptions. 

Particle  site  distribution  functions  (PSDF's)  are  made  up  at  CF.DC,  with  the 
assumption  that  the  particles  are  all  homogeneous  spheres  with  the  same  known  real 
refractive  index  and  at  concentrations  low  enough  so  that  only  single  scattering  need 
be  considered,  scattering  data,  representing  potential  measurements,  are  calculated 
for  the  trial  distribution  systems  and  perturbed  with  known  levels  of  random  error  to 
simulate  experimental  uncertainties.  This  scattering  data,  along  with  controlled 
amounts  of  a  priori  knowledge  of  the  systems  (usually  none)  le  then  given  to  the 

participants  in  the  study  whose  Job  is  to  Invert  the  data  and  .tcovni  the  original 
trial  PSDF's,  each  researcher  selecting  whichever  date  he  desires  from  the  simulated 
measurements  and  employing  his  own  Inversion  technique.  Those  performing  inversions 
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during  th«  pant  year  vara  William  Curry  and  Earl  Xiech  at  AEDC  (cono trained 


eigenfunction  expansion  and  nonlinear  regression),  Benjamin  Herman  and  John  Reagan  at 
University  of  Arlsona  (constrained  linear  inversion),  and  William  Pasrce  and  Robert 
Thomas  at  BCIC  (B-spllne). 

In  this  paper  we  will  discuss  the  nature  of  the  four  trial  PSDF'e  and  associated 
data  generated,  and  make  some  general  observations  about  the  inverted  solutions. 
Details  of  the  inversion  calculations  and  the  resulting  specific  solutions  may  be 
found  in  the  papers  written  by  the  above  inverters  and  Included  In  this  Proceedings. 

2.  TRIAL  DISTRIBUTION  FUNCTIONS 

The  four  FSOF'e  examined  during  the  past  year,  and  labeled  0  through  J,  are  all 
log-normals  of  some  order  of  a  sum  of  two  log-normals,  and  may  be  described  by  the 
general  equation 


<in  r/rt)  *2  -  <tn  r/?2) 

F(r)  -  R  r  1  e“  2  Oj 2  +  r  *  2~a^2 


Table  I  lists  the  appropriate  parameters  for  each  trial  distribution,  as  well  as  the 
low  and  high  radii  cutoff  values  outside  of  which  F(r)  -  0, 


TABLE  I.  TRIAL  DISTRIBUTION  PARAMETERS 


Diet 

R 

?1 

*2 

°2 

l2 

rl© 

rhi 

G 

0.0 

n/a 

n/a 

n/a 

1.92 

.35 

0.0 

.672 

7.786 

R 

1.0 

1.3 

0.2 

0.0 

2.4 

.15 

0.0 

.713 

4.373 

I 

3.0 

1.1 

0.2 

-1.0 

2.1 

.20 

-1.0 

.604 

4.674 

J 

0.0 

n/a 

n/a 

n/a 

1.6 

.25 

-1.0 

.756 

4.349 

The  number- noraal lied  distribution  function,  N(r),  is  proportlonsl  to  the 
P8DF,  F(r),  with  a  proportionality  constant  such  that  j  N(r)  dr  -  1.  In  Figure  1 


are  plotted  the  nuaber  -  normalised  distribution  functions  for  trials  C  through  J. 
Figure  2  displays  tha  corresponding  aaaa-noraal isad  distribution  functions.  K(r)  it 
proportional  to  r3  F(r)  end  noraalisad  such  that  Jr  K(r)  dr  •  1.  Thle  second 
representation  la  somewhat  more  directly  Meaningful  to  those  accustomed  to  thinking  in 
terns  of  aess  extinction  coefficients,  and  in  many  cases  more  accurately  weights  the 
distribution  with  respect  to  the  particles'  relative  contribution  to  the  total 


scattering 


riOUU  2.  MASS  RORMALI2KD  TRIAL  DISTRIBUTIONS 


3.  8CATTIRINO  DATA 

Calculation*  war*  don*  on  th*  CROC  Unlvac  1100/60  ualng  a  aodlflad  varaton  of  a 
prograa  dtvalopad  at  USHR,  callad  PCAVS2.  Th#  haart  of  tha  program,  a  aubroutlna 
callad  MHOS,  waa  unaltarad.  froa  It*  output  Hat  for  aach  radlua  lncarval  wa  can 
fora  l|(l)  and  12(B)*  tha  lntanalty  function*,  and  6(6),  th*  phaa*  dlffaranca 
hatwaan  tha  cor raapondlng  coaplax  auplltuda  function*.  Thaaa  war*  uaad  to  conatruct 


the  varloue  scattering  functions  described  below.  Calculations  wore  performed  for 
each  of  IS  Incident  wavelengths.  Table  II  lists  tha  wavelengths  (In  vacuus),  and  the 
rafractlve  Indices  assuaed  for  tha  aadlua  and  the  particles.  These  paraaetera  were 
valid  for  all  Che  trial  distributions,  and  aach  Inverter  wet  given  this  lnforaatlon 
from  the  beginning. 


TABU  XI.  EXTRACTIVE  INDICES 


Number 

Wavelength 
In  vacuus 

Real  refractive 
Index  (sphere) 

Real  refractive 
index  (medium) 

1 

.300 

1.6948 

1.349 

2 

.337 

1.6483 

1.343 

3 

.697 

1.3839 

1.33! 

4 

1.038 

1.5739 

1.327 

5 

1.374 

1.3706 

1.321 

6 

2.023 

1.3682 

1.303 

7 

2.727 

1.3674 

1.170 

8 

3.380 

1.3669 

1.383 

9 

3.873 

1.3668 

1.339 

10 

4.828 

1.3666 

1.330 

11 

3.125 

1.3666 

1.321 

12 

3.403 

1.3666 

1.303 

13 

6.560 

1.3663 

1.336 

14 

8.000 

1.3664 

1.291 

13 

10.600 

1.3664 

1.179 

In  Table  III  are  listed  the  14  angular  scattering  functions  which  were  calculated 

at  each  wavelength  for  scattering  angles  from  0°  to  180°  in  5°  increaants.  Here 

k  ■  2  s/1  and  flr^)  la  th«  value  of  the  particle  slse  distribution  function  at  the 

1th  radius,  with  normalisation  such  that  l  f(r  )  *  1.  In  every  case  the  range  of 

1  1 

radii  over  which  P(r)  was  non-sero  was  divided  Into  1000  equal  else  Intervals  for  the 
a  umma  t Iona . 

The  first  four  angular  scattering  functions  represent  planned  experimental 
nephelometer  measurements.  In  each  case  the  light  Is  Incident  plane  polarised  at  48° 
to  the  scattering  plane.  A  polarlser  in  front  of  the  detector  is  oriented  with  Its 


& 

a 


transmission  axis  either  parallel  to  the  scattering  plane  (MROO),  or  perpendicular  to 
It  (M&90) ,  or  at  43°  to  It  (MR4S).  In  the  fourth  case  the  analysing  polarlsar  Is  at 
0°,  as  In  MROO,  but  Is  preceded  by  a  quarter  wave  plate  with  its  fast  axis  at  43°  with 
respect  to  the  scattering  plane  (MRL4).  The  numbers  calculated  ate  tha  measured 
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TABLE  III.  AHCULAR  SCATTERING  FUNCTIONS 

8mi 

MEOO 
KR90 
MBAS 
MILA 

com 

COM2 
COM3 
S12 
833 
843 
UNPL 
PLFX1 
PLPX2 
DELTL 


X«Clo«  of  the  scattered  Intensity  to  th«  Incident  Intensity  -  except  for  a  constant 
factor  which  haa  ba an  dropped  and  dapanda  on  the  dlatanca  from  tha  common  voluaa  to 
tha  detector  and  on  the  total  nunber  of  apheraa  within  tha  coaaon  voluaa.  Only  ratio 
typo  aoaauraaanta  are  contemplated j  the  concentration  la  not  aaauaad  known  (except 
that  It  ba  below  tha  aultlple  ocatterln$  thraahold)  nor  la  it  required  aa  part  of  tha 
aolutlon.  It  la  further  aaauaad  that  all  the  scattering  apharee  are  confined  to  a 
vary  aaall  region  within  tha  coaaon  volume  ao  tha  variation  in  common  volume  also  with 
scattering  angle  may  be  lgncred  for  now. 

Proa  theaa  four  baalc  measuremento  one  could  form  various  combinations,  lnt *  tdlng 
tha  next  three  angular  acattarlng  functions.  C0M1  ■  — j  (MROO  +  MR90)  la  tha  phase 
function.  COM2  -  MR43  -  C0M1  and  COM3  ■  C0M1  -  MRL4  depend  only  on  lj  (-  / 1 ~  1 ) 


P7 


134 


and  on  either  the  coalne  or  aine  of  5. 

Seven  additional  angular  acatterlng  functions  were  calculated  for  each  trial 
dlatrlbutlon  although  these  were  not  Bade  available  to  the  inverelon  teams.  They 
Include  three  normalized  Mueller  matrix  elements  S12,  833,  S43,  and  four  functions 
defined  in  the  following  way.  Let,  as  before,  the  incident  light  be  plane  polarized 
at  45°  to  the  acatterlng  plane.  The  light  scattered  in  any  direction  can  be  thought 
of  as  the  (Incoherent)  sum  of  a  100X  unpolarized  beam  and  a  100X  polarized  beam;  the 
polarized  fraction  of  the  scattered  bean  can  be  further  regarded  as  the  (coherent)  sum 
of  a  component  polarized  parallel  to  the  scattering  plane  and  a  component  polarised 
perpendicular  to  the  plane,  with  some  phase  angle  between  them,  UHPL  is  the  fraction 
of  the  total  scattered  intensity  which  is  unpolarized,  PLPX1  end  PLFX2  the  fractions 
plane  polarized  perpendicular  and  parallel  to  the  scattering  plane  respectively,  and 
DELPL  the  phase  angle  between  them.  Table  III  indicates  how  these  last  seven 
quantities  may  be  calculated  from  the  first  seven. 

In  addition  to  the  angular  scattering  functions,  the  backscattar,  extinction, 
scattering,  and  absorption  cross  sections  were  calculated  as  part  of  the  program  for 
each  incident  wavelength.  However,  in  all  the  caaes  studied  so  far  .only  real 

refractive  indices  were  considered,  so  a  -  o  and  a  •  0. 

as  a 

Once  the  exact  data  were  calculated,  stored,  and  printed  out  aa  described  above,  a 
perturbation  was  Introduced  to  simulate  random  experimental  srror.  A  sat  of  random 
numbars  was  gancrated,  normally  distributed  about  1.0  with  a  preselected  etandard 
deviation  (.04  for  the  trial  distributions  reported  on  hare).  From  this  aat  a 
different  error  factor  wee  multiplied  with  each  data  point  from  the  four  angular 
scattering  functions  MROO  through  MRL4,  as  well  as  each  of  the  cross  sections.  Data 
points  for  the  remaining  ten  angular  acatterlng  functione  were  recomputed  based  on  tha 
perturbed  values  of  the  first  four  functions,  although  owing  to  the  nature  of  the 
combinations,  this  led  in  some  cases  to  relative  errors  far  In  axcaaa  of  tha  4X  level 
Intended.  These  perturbed  values  comprised  the  set  of  synthetic  data  available  to  tha 
inversion  teams . 


4.  RESULTS 

From  the  nearly  4000  data  points  available  for  each  trial  distribution,  the 
inversion  teams  were  free  to  choose  any  subset  they  felt  was  efficient  for  their 
inversion  method.  The  smallest  set  selected  was  the  backscatter  cross  sections,  only 
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15  point*  per  distribution.  The  fidelity  with  which  the  Inverted  solutions 
represented  the  original  distributions  varied  from  team  to  team  and  somewhat  less  so 
from  trial  to  trial,  ranging  from  vague  to  Indistinguishable  from  the  original.  Since 
examples  of  the  Inversion  results  will  appear  separately  in  this  Proceedings  under 
papers  by  Herman,  Curry,  end  Pearce,  they  will  n«t  be  reproduced  here.  However,  we 
shall  select  one  result  as  typical  to  Illustrate  the  way  in  which  the  Inversions  are 
being  analyzed  and  to  Indicate  some  of  the  problems  generally  encountered  with 
Inversions. 

Figure  3  shows  the  Inverted  solution  to  distribution  C  as  calculated  by  Herman 
with  the  constrained'  linear-  inversion  method  and  using  as  Input  data  the  IS 
backscatter  cross  sections. 


FIGURE  3.  INVERTED  SOLUTION  TO  DISTRIBUTION  G 


While  other  representations  of  the  tame  data  (for  example,  mass  normalization)  can 
show  a  better  overall  fit.  It  Is  clear  that  the  Inverted  solution  does  not  agree  with 
the  original  distribution  In  several  respects.  One  way  to  Judge  this  Inverted 
solution  Is  to  recompute  all  the  scattering  data  based  on  the  inverted  solution  as  the 
distribution  function,  and  compare  that  scattering  data  with  the  data  calculated  from 
the  original  distribution  (all  without  the  random  error  perturbation).  Unless  there 
Is  an  error  in  the  Inversion  calculation  we  should  expect  agreement  In  the  two  cases 


over  that  subset  of  scattering  data  which  was  used  as  Input  to  the  inversion;  the  more 
Interesting  question  Is  whether  there  exists  other  subsets  of  scattering  data  whose 


valuer  differ  markedly  depending  upon  which  distribution  function  la  used  (the 
original  one  or  the  Inverted  one)  for  the  forward  calculation. 

The  present  example  was  inverted  on  the  basis  of  backacatter  cross  sections.  By 
supplementing  the  original  set  of  wavelengths  and  refractive  Indices  with  185  new 
points,  smoothly  incorporating  the  original  15,  we  can  form  an  apparently  continuous 
plot  of  backscatter  cross  sections  vs  wavelength.  The  two  such  plots  formed  •*  one 
based  on  the  original  distribution  C,  the  other  on  Herman's  Inverted  solution  for  G  - 
were  virtually  Identical  on  the  entire  wavelength  range  examined,  except  for  a 
constant  factor.  The  backscatter  calculated  with  Rerman's  Inverted  solutions  was 
lower  than  with  the  original,  as  would  be  expected  from  hie  relative  preponderance  of 
smaller  particles,  but  It  was  uniformly  lower  so  the  shapes  of  the  backscatter  curves 
were  the  same.  Since  only  relative  Intensity  measurements  are  contemplated,  such  a 
difference  can  have  no  significance.  In  Figure  4  Is  plotted  with  a  solid  line,  the 
backscatter  cross  section  calculated  using  Herman's  t....,.i3d  solution,  and  on  It 
(corrected  for  the  constant  factor  mentioned  above)  the  15  backscatter  cross  sections 
given  belonging  to  the  original  distribution.  As  one  can  see,  both  distributions  are 
equivalent  with  respect  to  backscatter. 


FIGURE  4.  BACKSCATTER  CROSS  SECTIONS.  Solid 

line  derived  from  Herman's  Inverted  solution,  circles 

represent  original  data  points. 
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To  chock  how  well  Herman's  solution  does  with  respect  to  other  scattering  data, 
one  can  Imagine  doing  the  forward  calulatlons  based  on  Herman's  solution  and  making  a 
graph  of  each  scattering  function  va  scattering  angle,  one  for  each  wavelength,  and 
comparing  them  to  corresponding  graphs  based  on  the  original  distribution.  However, 
given  the  product  of  14  scattering  functions,  15  wavelengths,  and  (this  time)  fn-ir 
trial  distributions  done  by  four  Inversion  methods,  such  a  project  quickly  gets  out  of 
hand.  Instead,  a  single  number  is  calculated  to  represent  the  degree  of  discrepancy 
between  two  corresponding  graphs.  The  graphs  are  not  actually  plotted  but  they 
readily  can  be  later  If  something  looks  Interesting.  These  average  error  factors  are 
tabulated  fot  all  combinations  of  scattering  functions  and  Incident  wavelengths.  The 
exact  definition  of  the  average  error  factor  varies  among  the  different  scattering 
functions,  depending  upon  whether  a  uniform  correction  factor  Is  permitted  (as  was  the 
case  In  the  backscatter  comparison  above)  whether  the  scattering  function  values  are 
bounded,  whether  they  can  pass  through  zero,  etc.  When  a  distribution  function  Is 
compared  with  Itself,  the  average  error  factors  are,  as  expected,  all  zero;  when  two 
unrelated  distributions  are  compared,  say  C  with  I,  the  factors  are  (mostly)  all 
large,  on  the  order  0.2  -  2.0.  The  error  factors  generated  when  comparing  the 
original  distribution  C  with  Herman's  Inverted  solution  G  are  given  In  Table  IV. 

Recalling  that  the  scattering  data  supplied  to  the  Inverters  had  a  random  error 
level  of  4X  to  atart  with,  average  error  factors  In  the  vicinity  of  .04  or  less  are 
expected  and  of  no  particular  Interest.  That  eliminates  most  of  the  table.  The 
relatively  high  error  factors  at  the  shortest  two  or  three  wavelengths  are  also  of  no 
consequence;  they  arise  because  of  the  jagged  nature  of  the  graphs  plotted  from 
Herman's  solution  at  these  wavelengths  which  In  turn  la  due  to  the  relatively  large 
radii  bins  over  which  Herman's  Inverted  solution  was  defined.  The  occasional  large 
average  error  factor  In  the  DELPL  column  la  due  to  an  easily  rectified  quirk  In  the 
computer  program  which  wees,  for  example,  DKLPL  (phase  shift)  values  of  178°  and  -179° 
as  differing  by  357°,  when  physically  they  differ  only  by  3°.  That  leaves  only  COM3 
sod  HR45,  at  longer  wavelengths,  as  possible  candidates  for  further  Investigation.  In 
particular,  none  of  the  polarization  scattering  functions  (S12  through  DELPL)  appear 
to  be  of  value. 

Theta  average  error  factor  tables  were  produced  for  Herman's  solutions  to  the 
other  three  trial  distributions,  and  for  Curry's  constrained  eigenfunction  expansion 
solutions,  with  similar  results.  That  is,  Inverted  solutions,  though  differing  from 


TABLE  IV.  AVERAGE  ERROR  FACTORS 


WAVELENGTH  MROO 

01  .096 

02  .090 

03  .062 

04  .052 

05  .025 

06  .040 

07  .025 

08  .040 

09  .042 

10  .032 

11  .029 

12  .031 

13  .037 

14  .047 

15  .048 


WAVELENGTH  S12 

01  .046 

02  .  058 

03  .  032 

04  .  027 

05  .016 

06  .016 

07  .014 

08  .013 

09  .016 

10  .010 

11  .010 

12  .009 

13  .008 

14  .012 

15  .019 


MS90 

M&45 

MRU 

.071 

.089 

.103 

.069 

.084 

.066 

.066 

.050 

.068 

.036 

.033 

.043 

.027 

.020 

.026 

.032 

.034 

.039 

.023 

.033 

.021 

.030 

.075 

.024 

.033 

.081 

.025 

.029 

.095 

.027 

.033 

.099 

.027 

.031 

.104 

.030 

.043 

.122 

.039 

.056 

.156 

.045 

.056 

.197 

.043 

S33 

S43 

UNPL 

.060 

.057 

.028 

.041 

.042 

.033 

.025 

.031 

.020 

.017 

.024 

.012 

.015 

.019 

.010 

.014 

.015 

.014 

.014 

.008 

.012 

.008 

.012 

.012 

.010 

.008 

.014 

.010 

.012 

.013 

.012 

.013 

.013 

.012 

.016 

.014 

.010 

.016 

.009 

.010 

.014 

.010 

.021 

.013 

.017 

corn 

COM2 

COM3 

.069 

.054 

1.068 

.059 

.066 

.858 

.055 

.029 

.229 

.032 

.038 

.122 

.018 

.028 

.149 

.024 

.01B 

.091 

.021 

.026 

.065 

.025 

.050 

.067 

.024 

.049 

.085 

.026 

.057 

.092 

.028 

.059 

.099 

.028 

.057 

.102 

.041 

.073 

.132 

.050 

.076 

.138 

.045 

.072 

.143 

PLFX1 

PLFX2 

DELPL 

.067 

.046 

.278 

.082 

.048 

.380 

.035 

.033 

.110 

.032 

.029 

.108 

.016 

.025 

.090 

.017 

.019 

.134 

.014 

.022 

.030 

.021 

.011 

.331 

.023 

.014 

.177 

.022 

.010 

.017 

.021 

.012 

.020 

.020 

.015 

.019 

.011 

.013 

.019 

.013 

.015 

.023 

.029 

.023 

.030 

the  original  distributions,  were  consistent  not  only  with  the  data  points  used  to 
derive  them  but  with  virtually  all  the  ocher  light  scattering  data  that  might  have 
been  used,  poealbly  excepting  MR45  or  COM3.  The  inverted  solutions  of  the  Curry/Kiech 
nonlinear  regression  method  and  Pearce's  B-spllne  method  have  not  yet  been  examined  in 
this  way,  though  their  solutions  are  so  close  to  the  original  distributions  that  It's 
unlikely  anything  could  be  learned. 

Apparently  we  can  not  devise  a  practical  (perhaps  not  even  an  Impractical) 
procedure  based  solely  on  light  scattering  measurements  which  insures  convergence  to 
the  correct  solution.  These  results  emphasise  the  necessity  for  having  an  Inversion 
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achene  that  peraito  the  incorporation  of  the  maximum  amount  of  a  priori  (i.e.,  non- 
lltht-acatterlng)  it  motion  that  nay  be  available.  Bven  then  the  beat  that  nay  be 
eal4  of  a  aolutlon  ia  that  it  is  couaiatent  with  all  the  known  information  about  the 
acattarlng  eyetem. 


AEROSOL  gltg  DISTRIBUTION  FROM 
SIMULATE)  HBPHBLOMBTRIC  DATA 


V.  A.  Pearce 

BG6G  Washington  Analytical  Services  Cantor,  Inc. 
6801  Kenilworth  Avanue 
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ABSTRACT 

This  paper  addressee  the  latest  In  a  ear lea  of  objective  testa  of  the  B-spllne  technique  tor 
Inferring  aerosol  alee  distributions  from  scattering  matrix  data.  While  a  paper  fully  describing  the 
oethod  In  preparation,  several  aspects  of  the  technique  are  preaented  In: 

W.  A.  Pearce,  "A  Benchmark  Evaluation  of  an  Aerosol  Site  Distribution  Inversion  Technique", 
EG&G/WASC  Applied  Sciences  Dept.  Report  TR-W22-001/84  July,  1984. 

W.  A.  Pearce,  "B-Spllne  Representations  for  Aeroaol  Slse  Distribution  Inversion",  Proceedings  of 
the  1982  CSL  Conference  on  Obscuration  and  Aeroaol  Research,  R.  H.  Kohl,  ed.  (  1983  ). 

W.  A.  Pearce,  "Aerosol  Slse  Distribution  from  Scattering  Matrix  Data",  EC&C/WASC  Applied  Systems 
Dept.  Report  00781. 

W.  A.  Pearce,  "Inference  of  Scatterer  Site  Distribution  from  Single  Scattering  Matrix  Data"  In 
Light  Scattering  by  Irregularly  Shaped  Particles,  D.  W.  Schuerman,  ed.,  Plenum  Press,  New  York  1979. 

Test  Inversions  will  be  performed  on  experimental  data  sett  when  they  become  available.  Expected 
extensions  of  the  effort  Include  Investigations  of  non-llnear  constraints  and  of  the  Information 
content  of  optimal  and  sub-optimal  data  sets. 


INTRODUCTION 

We  have  performed  a  set  of  benchmark  testa  of  the  B-apllne  slse  distribution  Inference 
technique.  The  (simulated)  data  for  the  tests  were  provided  by  J.  BotUger  (CSL)  who  released  to  us 
only  the  data  as  It  would  be  available  from  nephelometric  measurements.  The  underlying  site 
distributions  were  unknown  to  ua  when  the  Inversions  were  performed. 

Given  a  set  of  data  ,  we  solve  the  (overdetermined)  set  of  equations: 


xk  -  I  »kl  ^  Sa  itJ  n}  -  I  skJ  .J 


(I) 


w— 


rr » 

v.*.' 


where  W  Is  a  weight  matrix  (Wkl  -  6^/e  Ij,  *  is  a  fixed  percentage  data  error).  The  h^'a  are  the 
parameters  of  expansion  of  the  size  distribution  n(r)  in  terms  of  B-spllnes  (B(r))i 


n(r)  -  l  B,(r)  n., 

J  3 

and  the  effective  kernel  Is 

itJ  -  /  S4  (r)  B^(r)  dr. 


r.V 
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8  ll  i  aonodlepere*  Mia  scatter  log  aatrlx  element  appropriate  to  the  aeasureaent.  To  solve  (1),  we  use 
a  singular  value  decomposition  of  S  to  obtain  Its  pseudo-inverses 

S+  •  V  E+  UT  ^ 

Bars,  V  la  a  sutrlx  whose  elements  are  eigenvectors  of  8T8i  the  columns  of  U  are  eigenvectors  of  88Ts 
end  I*  is  diagonal  with  elsaents  given  by  the  Inverse  of  the  square  root  of  the  poeltlve  definite 
eigenvalues  of  8T8. 

Often,  Che  unconstrained  full  solution  contains  uaphyeleal  oscillations  with  possible  negative 
regions.  Wo  have  implemented  an  adjunct  Iterative  procedure  which  partially  damps  this  unwanted 
behavior.  An  estlaate  of  the  solution  vector  Is  Iteratively  updated  using 


nHEV  *  ’’OLD 


♦  An 


Using  <  -  VU/to^  +  o)]  li  (X  -  sn]  ,  Ah  is  given  by 


An 


i-  6  «  <Vd  +  *>  >  0 

-  0  otherwise 
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(6) 
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DATA 

The  test  data  consisted  of  values  of  aatrlx  elements  at  angles  0  (5)  180  degrees  together  with 
extinction,  scattering,  absorption,  and  backscattcrlng  cross  sections  st  each  of  IS  wavelengths  (from 
300  on  to  10600  na) .  These  data  were  prov  led  for  each  of  the  four  test  distributions  (G,H,I,  and 
J).  Ws  elected  to  use  only  a  minimal  subset  consisting  of  the  aatrlx  element  MR00  defined  as 


KROO 


(l/k2> 


n 

1  n(r.)  1,  (r.,6) 

1-1 


k  -  2i/X 


(7) 


at  each  of  the  37  angles  and  at  two  wavelengths  (690  and  5400  na).  The  data,  as  presented  to  us, 
Incorporated  41  random  additive  error*. 


RESULTS 

The  rae  error*  of  the  solution  fits  to  ths  date  and  the  knot  structure  of  the  fitting  B-spllnea 
are  shown  In  Table  1. 
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TABLE  I.  SOLUTION  SUMMARY 


oiwm*  <  mchni  i 


M  •.«  *.# 

dumctc*  <  HicnoNi  i 


FIGURE  1.  INFERRED  AND  TRUE  DISTRIBUTIONS.  Trua  sire  distributions  (Hn«») 
conparad  with  infarrad  (points)  for  teata  G  (ltaratad  solution), 

H  (ltaratad  solution),  I  (dlract  solution),  and  J  (dlract  solution). 


Our  technique  will  be  tatted  using  experimental  drta  wheu  they  become  available.  Meanwhile,  we 
will  continue  Co  Investigate  meant  for  constraining  so’ rt Iona  to  physically  meaningful  domalna  and 
examine  the  relative  Information  content  of  particular  subsets  of  data. 
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ABSTRACT 

Optioal  Constants  of  23  saaples  were  determined  throughout  the  200-50,000  on*  wave-number  region 
of  the  infrared,  near  infrared,  visible,  and  ultraviolet.  The  aaterials  were  graphites,  oopper, 
brass,  aliainum,  aluaimas  oxide,  TCNQ  salts,  iron,  iron  oxides,  zinc  oxide,  intercalated  graphite,  and 
pyrolytio  graphite. 

1 .  Introduction 

We  prepared  saaples  from  21  different  materials,  measured  23  different  refleotanoe  speotra  for 
those  aaterials,  used  Kraaers-Kronlg  methods  to  oompute  speotral  values  of  the  ooaplex  refraotive 
index  n+ik  from  eaob  of  the  23  refleotanoe  apeotra,  and  presented1  the  measurements  and  results  of 
the  computations  in  graphical  and  tabular  form.  All  data  were  delivered  on  computer  cards  to  the 
teobnioal  monitor,  Mr.  Morrill  Milham,  CROC.  Those  data  are  now  available  for  use  in  Hie  scattering 
oodes  to  oompute  radiant  transport  through  and  radiant  baoksoatter  by  aerosol  olouds  that  are  oomposed 
of  these  21  aaterials. 

The  23  samples  wore 

1.  Sapphire  (a-Al2o3)  B//C  (uniaxial  orystal) 

2.  Sapphire  (a-Al203)  B+C  (uniaxial  orystal) 

3.  Oxidised  Aluminum  Mirror 

4.  Iron  (polyorystalllns) 

5.  Hematite  (aPe203)  B//C  (uniaxial  orystal) 

6.  Hematite  (aPe203)  E+C  (uniaxial  orystal) 

7.  Magnetite  (PejOj,)  (isotroplo  orystal) 

8.  Cuprous  Oxide  (Cu20  powder,  pellet) 


9»  Zloo  Oxide  (ZnO  powder,  pellet) 

10.  Copper  Ingot 

11.  Brass  Ingot  (905Cu/105£n) 

12.  Brest  Ingot  (85|Cu/15SZa) 

13.  Brass  Ingot  (705Cu/30fZn) 

14.  Dixon  KS-2  Orepbite  (powder,  pellet) 

15.  Dixon  HPN-2  Orepbite  (powder,  pellet) 

16.  Dixon  200-10  Orepbite  (powder,  pellet) 

17.  Aabury  Hioro  260  Orepbite  (powder,  pellet) 

18.  Dixon  1102  Interoaleted  Graphite  (powder,  pellet) 

19.  As bury  3222  Interoaleted  Orepbite  (powder,  pellet) 

20.  Pyrolytic  Orepbite 

21.  TTF/TCNQ  (powder,  pellet) 

22.  Cu/TCNQ  (CROC  pellet) 

23.  Ll/TCNQ  (powder,  pellet) 

In  this  paper  we  present  asasure«enta  of  tbs  refieotanoe  spectrum  end  the  optical  oonstants  of 
iron.  These  date  ere  presented  in  graphical  and  tabular  fora.  Tbs  presentation  here  for  iron  is 
similar  in  foraat  to  that  for  all  23  eaaples.  Reeders  interested  in  data  for  tbe  other  22  saaples  are 
referred  to  Referenoe  (1). 

II.  THE  IRON  SAMPLE 

Tbe  iron  saaple  was  1.2  oa  die.  by  1  oa  long,  polyorystalllne,  and  was  Aesar  puratronio  grade 
obtained  t.oa  Johnson  Matthey,  Ino.,  P.0.  Box  1087,  Seabrook,  KH  03874.  The  purity  was  99.99855  and 
the  speolfio  gravity  7.87.  The  1.2  oa  die.  end  faoe  of  the  rod  was  aeohanloally  polished  with  6  ua 
diamond  paste,  0.3  mb  o-AljO^,  and  0.05  a  a-AljOj.  A  mirror  eurfaoe  was  obtained  and  reaained  bright 
and  untarnished  for  several  aontha  after  the  polish  was  applied.  Refieotanoe  speotra  of  the  iron 
saaple  were  obtained  in  dry  air  Immediately  after  polishing. 

III.  REFLECTANCE  AND  OPTICAL  CONSTANTS 

A  near  normal  inoldenoe  refieotanoe  speotrua  for  the  polished  iron  saaple  was  obtained  throughout 
the  180-50,000  oa'1  wave-nuaber  region  (55.55-0.2  y a). 

In  the  infrared  region,  180-4,000  oa-1  (55.5-2.5  ua),  the  refieotanoe  speotrua  wee  obtained  by 
use  of  a  Perkln-llaer  580  speotrophotoaeter  and  specular  refieotanoe  aooessory.  The  infrared  speotrua 
waa  measured  relative  to  that  of  a  first  eurfaoe  alualnua  mirror.  Hultlplloatlon  of  the  relative 


refleotanoe  apeotrua  by  the  refleotono*  of  the  aluminum  mirror  provided  the  oboolute  roflootonoo 
epeotruB  of  tho  iron  aample. 

In  tho  uv-Vio-NIt  region,  4,000-30,000  om"1  <2. 5-0. 2  um),  tho  roflootoaoo  apootrum  moo  obtained 
by  uoo  of  o  Cory  Vorian  2300  opootrophotoootor  end  o  V-W  roflootonoo  oeooooory  that  provided 
meeeurementa  of  tho  obtoluto  roflootonoo. 

Tho  roflootonoo  apootrum  woo  onolyaod  by  uoo  of  Kromera-Kronig  mothodo  to  obtain  opootrol  voluoo 
of  tho  oomplex  rofroetivo  indiooa  rvtlk)  i.o.  tho  oo  oollod  optiool  oonatonta. 

Tho  mooaurod  roflootonoo  apootrum  of  iron  la  proaontod  la  Piga.  1-2,  whoro  oomporlaona  ore  mode 
with  roflootonoo  of  iroo  oa  provioualy  dotorminod  by  Weaver  at.  el.,  Bolotin  $£.  el.  and  Johnaon  ond 
Chrlaty.  Spectral  veluea  of  n  ond  k  ore  proaontod  in  Piga.  3-6  whoro  aimilor  oomporlaona  are  mode 
with  veluea  proaontod  by  other  inveatigetora . 

Tho  firat  derivative  of  tho  infrared  roflootonoo  apootrum  ia  proaontod  in  Fig.  7.  Wo  hove  not 
determined  tbo  pbyaiool  aouroea  of  tho  atruoture  in  tho  firat  derivative  apootrum.  Poaaible  aouroea 
ore  eleotronio  trenaitlona  and/or  aurfooe  contamination  by  oxldea  or  odaorbed  apeoiea. 

Tabulation  of  tho  refleotanoe  and  n*ik  are  alao  proaontod  in  the  following  pogea.  In  the  Table 
tho  oolumna  from  loft  to  right  provide  wove  number  (om"1 ),  WN;  wavelength  (vm),WL;  n,  kj  unoertointy  in 
n  ond  k, (DN  and  DK){  and  tho  roflootonoo  R.  The  relatively  largo  valuea  of  DM  ond  OK  in  tho  infrared 
ore  oharaoterietio  of  email  orrora  in  oooauremonto  of  R  produoing  large  DN  and  OK  when  tho  Freanel 
roflootonoo  equation*  are  used  to  determine  n*ik  for  highly  reflecting  materlola. 

IV.  REFERENCES 

1.  M.R.  Quorry,  "Optiool  Conatanto,"  Pinal  Teohnioal  Report,  Contraot  DJUUC-11-82-C-0069,  31  Hay  1984, 
p-  .  407. 

2.  J.H.  Weaver,  B.  Colavito,  D.W.  Lynoh,  ond  R.  Roeel,  "Low-energy  interbond  abaorption  in  boo  Pe 
and  hop  Co,"  Phya.  Rov.  B  Yfy  3,850-3,856  (1979). 
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4.  P.B.  Johnaon  ond  R.W.  Chrioty,  "Optloal  Conatanto  of  Tranaition  He talas  Tl,  V,  Cr,  Hn,  Po,  Co,  Ml, 
and  Pd,»  Phya.  Rev.  B  %  5,056-5,070  (1974). 
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WAVE  NUMBER  (1/CM) 


FIOURB  1.  INFRARED  REFLECTANCE  OF  IRON.  The  infrared  refleotanoe  of  Iron  la 
shown  in  the  180-4,000  os"  wave-nunber  region:  the  oontinuoua  ourve 
denotea  our  aeaaureaenta ;  0,  Weaver  at.  al. ;  and  ••  Bolotin  et_.  a!L. 


0  2000  4000 

WAVE  NUMBER  (1/CM)  X10 

FIGURE  2.  NIR-VIS-UV  REFLECTANCE  OF  IRON.  Our  meaauraoenta  of  the  NIR- 
Vla-UV  refleotanoe  of  iron  in  the  4,000-50,000  ob*1  wave-nuaber  region 
are  denoted  by  the  oontinuoua  ourve.  The  other  aymboia  denote  aeaeuro- 
aenta  by  Weaver  at.  al.,  0;  Bolotin  et.  al.,  •;  and  Johnaon  and  Chriaty,  ♦. 
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FIGURE  3.  REAL  PART  OF  IRON'S  INPRARED  REFRACTIVE  INDEX.  The 
continuous  curve  denotean  as  determined  from  our  investigations.  Values 
of  n  determined  by  others  are:  Weaver  et.  al_.,  0;  and  Bolotin  et^.  al., 
•.  The  top  graph  shows  n  throughout  the  180-4,000  oaf1  wave -number 
region.  The  bottom  graph  shows  an  expanded  ordinate  for  better 
comparison  of  our  values  of  n  with  those  of  Weaver  et_.  al.  and  Bolotin 
et.  al. 
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FIGURE  I).  IMAGINARY  PART  OP  THE  IRON'S  INFRARED  REFRACTIVE  INDEX.  The 
continuous  curve  denotes  k  as  determined  from  our  investigations. 

Values  of  k  determined  by  others  are:  Weaver  eU  al.,  0;  and  Bolotin 
at.  _al. ,  #.  The  top  graph  shows  k  throughout  the  VSO-^.OOO  cm"'  wave¬ 
number  region.  The  bottom  graph  shows  k  on  an  expanded  ordinate  for 
better  comparison  of  our  values  of  k  with  thoso  of  weaver  --t .  ai.  and 
Bolotin  et.  al. 
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FIGURE  5.  REAL  PART  OF  IRON'S  NIR-VIS-UV  REFRACTIVE  INDEX.  The 
continuous  curve  denotes  n  as  determined  from  our  investigations. 
Values  of  n  determined  by  others  are:  Weaver  et.  al..  0;  Bolotin  e£. 
si. .  •;  and  Johnson  and  Christy,  ♦. 
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FIGURE  6.  IMAGINARY  PART  OP  IRON'S  NIR-VIS-UV  REFRACTIVE  INDEX.  The 
continuous  curve  denotes  k  as  determined  from  our  investigations. 
Values  of  k  determined  by  others  are:  Weaver  et .  al..  0;  Bolotin  et. 
al..  •;  and  Johnson  and  Christy,  ♦. 
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FIGURE  7.  FIRST  DERIVATIVE  OP  IRON'S  INFRARED  REFLECTANCE  SPECTRUM.  We 
have  not  determined  tNs  'by.sical  sources  of  the  structure  in  thle  first 
derivative  speotrum.  Possible  sources,  however,  are  Interbend 
transitions  and/or  surface  contamination  uy  oxides  or  surfaoo 
adsorbates. 
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IRON  ROD 


PAGE  1 


WN 

ML 

N 

K 

DN 

DK 

R 

180.00 
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34.848 
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21.240 

17.973 
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52.6316 

49.736 
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50.0000 
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270.00 

37.0370 

23.982 

107.465 

11.384 
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33.7143 
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34.4828 
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0.99151 
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320.00 
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0.99152 

330.00 
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340.00 
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7.677 
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6.160 
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400.00 
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0.99123 

410.00 

24.3902 

11.721 
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2.387 
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420.00 
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11.294 

69.477 

5.013 

2.268 

0.99098 

430.00 

23.2338 

10.907 

67.770 
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IRON  ROD 


UN 

UL 

N 

K 

PN 

680.00 
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27.317 

0.836 

1080.00 

9.2593 

5.205 

27.073 

0.822 

1090.00 

9. 1743 

5-  188 

26.338 

0.809 

1100.00 

9.0909 

5. 1  ?1 

26.608 

0 . 796 

1110.00 

9.0090 

5.155 

26.382 

0.784 

1120.00 

8.9286 

3.138 

26.161 

0.772 

1130.00 

8.8496 

3.122 

23.946 

0.760 

1140.00 

8.7719 

5.104 

25.738 

0.749 

1130.00 

8.6937 

3 .084 

23.534 

0.73? 

1160.00 

8.6207 

5.061 

25.334 

0.728 

1170.00 

8.3470 

5.036 

25. 136 

0.717 
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1.014 

0.98540 

0.993 

0 . 98516 

0.972 

0.98492 

0.952 

0.98468 

0.932 

0.98445 

0.913 

0.98422 

0.895 

0 . 9839b 

0.877 

0.93374 

0.860 

0.98350 

0.844 

0.98324 

0.028 

0.98298 

0.813 

0.93272 

0 .799 

0.98246 

0.784 

0.98219 

0.771 

0.98191 

0.758 

0.98161 

0.746 

0.98129 

0.734 

0.98097 

0.723 

0.98065 

0.712 

0.98033 

0.702 

0.98001 

0.692 

0.97969 

0.682 

0.4793'. 

0.672 

0.97904 

0.663 

0.97871 

0 . 654 

0.97839 

0.645 

0.97807 

0.636 

0.97775 

0.628 

0.97743 

0.619 

0.9771 1 

0.611 

0.97673 

0.603 

0.97644 

0.595 

0.97610 

0  588 

0.97374 

0 . 5  ?  1 

0.97533 

0 . 5'74 

0.9150:* 

0.56? 

0 .414.6  , 

0.561 

0.97429 

0.555 

0.97393 

0.548 

0.97356 

0.542 

0.97319 

0.536 

0.97232 

0.531 

0.97245 

0.325 

0 . 9  ?2'.*8 

0.520 

0.97172 

0.514 

0.97136 

0.509 

0.97101 

0 , 304 

0.97061 

0 , 449 

0.97036 

0 , 47  • 

■ .97005 

*2* 
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1180.00  8.4746  5.009  24.941  0.707  0.488  0*96975 

1190.00  8.4034  4.982  24.746  0.697  0.483  0.96945 

1200.00  8.3333  4.955  24.554  0.687  0.478  0.96915 

1210.00  8.2645  4.928  24.365  0.677  0.473  0.96B85 

1220.00  8.1967  4.901  24.i77  0.668  0.467  0.96855 

1230.00  8.1301  4.873  23.992  0.658  0.462  0.96826 

1240.00  8.0645  4.344  23.809  0.649  0.457  0.96797 

1250.00  8.0000  4.814  23.626  0.640  0.432  0.96768 

1260.00  7.9365  4.786  23.442  0.631  0.448  0.96737 

1270.00  7.8740  4.761  23.259  0.622  0.443  0.96704 

1280.00  7,8125  4.739  23.080  0.617  0.438  0.96670 

1290.00  7.7519  4.718  22.904  0.605  0.434  0.96635 

1300.00  7.6923  4.698  22.733  0.597  0.429  0-96601 

1310.00  7.6336  4.676  22565  0.589  0.425  0.9656' 

1320.00  7.5758  4.652  7.',39f  0.581  0.421  0.96535 

1330.00  7.5188  4.628  ’  '.‘23  1  3.573  0.417  0.96502 

1340.00  7.4627  4.606  .565  0.412  0.96460 

1350.00  7.4074  4.587  2..  >  558  0.408  0.96431 

1360.00  7.3529  4.569  21.739  *i.55rt  0.404  0.96394 

1370.00  7.2993  4.552  21.580  0.543  0.401  0.96356 

1380.00  7.2464  4.534  21.423  0.536  0.397  0.96319 

1390.00  7.1942  4.517  21.269  0.529  0.393  0.96281 

1400.00  7.1429  4.500  21.11S  0.522  0.389  0.9624J 

1410.00  7.0922  4.484  20.963  0.515  0.386  0.96204 

1420.00  7.0423  4.469  20.813  0.509  0.382  0.96164 

1430.00  6.9930  4.455  20.664  0.502  0.379  0.96123 

1440.00  6.9444  4.442  20.518  0.»?6  0.375  0.96C82 

1450.00  6.8966  4.430  20.375  -  -  70  0.372  0.9604;, 

1460.00  6.8493  4.417  20.233  o..j4  0.369  0.95998 

1470.00  6.8027  4.405  20.092  ..78  0.366  0.95956 

1480.00  6.7568  4.393  19.952  0. -72  0.363  0.95912 

1490.00  6.7114  4.383  19.814  0.466  0.359  0.95867 

1500.00  6.6667  4.374  19.679  0.461  0.356  0.95822 

1510.00  6.6225  4.366  19.544  0.455  0.354  0.95'76 

1520.00  6.5789  4.358  19.412  0.450  0.351  0.9572° 

1530.00  6.5359  4.351  19.281  0.445  0.348  0.956S1 

1540.00  6.4935  4.344  19.153  0.439  0.345  0.95633 

1550 . 00  6.4516  4.338  19.025  0.434  0.342  0.95584 

1560.00  6.4103  4.334  18.899  0.429  0.340  0.95533 

1570.00  6.3694  4,331  18.776  0.425  0.337  0.95482 

1580.00  6.3291  4.327  13.656  0.420  0.335  0.75431 

1590.00  6.2893  4.324  18.538  0.415  0.332  0.95379 

1600.00  6.2500  4.321  18.422  0.411  0.330  0.953213 

1610.00  6.2112  4.319  18.307  0.407  0.328  0.95277 

1620.00  6.1728  4.316  18.195  0.402  0.325  0.95226 

1630.00  6.1350  4.313  18.085  0.393  0.323  0.95175 

1640.00  6.0976  4.309  17.976  0.394  0.321  0.95125 

1650.00  6.0606  4,305  17.860  0.390  0.318  0.95074 

1660.00  6.0241  4.301  17.761  0.386  0.316  0.95023 

1670.00  5.9880  4.2 7?  17.655  0.332  0 . 2 t 4  0.94971 
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2180.00 

4.5872 

4.224 

13.669 

0.251 

0.233  0.92159 

2190.00 

4.5662 

4.224 

13.613 

0.250 

0.231  0.92102 

2200.00 

4 .5455 

4.224 

13.557 

0.248 

0.230  0.92046 

2210.00 

4.5249 

4.224 

13.503 

0.247 

0.229  0.91990 

2220.00 

4.5045 

4.223 

13.449 

0.245 

0.228  0.91936 

2230.00 

4.4843 

4.221 

13.395 

0.244 

0.227  0.91882 

2240.00 

4.4643 

4.219 

13.341 

0.242 

0.226  0.91828 

2250.00 

4.4444 

4.217 

13.288 

0.240 

0.225  0.91773 

2260.00 

4.4248 

4.216 

13.234 

0.239 

0.224  0.91717 

2270.00 

4.4053 

4.216 

13.181 

0.237 

0.223  0.91660 

2280.00 

4.3860 

4.215 

13.129 

0.236 

0.222  0.91603 

2290.00 

4.3668 

4.215 

13.077 

0.235 

0.221  0.91547 

2300.00 

4.3478 

4.214 

13.026 

0.233 

0.219  0.91491 

2310.00 

4.3290 

4.214 

12.977 

0.232 

0.218  0.91435 

2320.00 

4.3103 

4.213 

12.927 

0.230 

0.217  0.91380 

2330.00 

4.2918 

4.212 

12.878 

0.229 

0.216  0.91325 

2340.00 

4.2735 

4  .211 

12.830 

0.228 

0.215  0.91270 

2350,00 

4.2533 

4.210 

12.782 

0.226 

0.214  0.91215 

2360.00 

4.2373 

4.209 

12.734 

0.225 

0.213  0.91161 

2370.00 

4.2194 

4.208 

12.688 

0.224 

0.213  0.91107 

2380.00 

4.2017 

4.207 

12.642 

0.223 

0.212  0.91054 

2390.00 

4.1841 

4.205 

12.597 

0.221 

0.211  0.91002 

2400.00 

4.1667 

4.203 

12.552 

0.220 

0.210  0.90951 

2410.00 

4.1494 

4.200 

12.507 

0.219 

0.209  C. 90899 

2420.00 

4.1322 

4.197 

12.462 

0.218 

0.208  0.90848 

2430.00 

4.1152 

4.195 

12.418 

0.216 

0.207  0.90797 

2440.00 

4.0984 

4.192 

12.374 

0.215 

0.206  0.90746 

2450.00 

4.0816 

4.189 

12.330 

0.214 

0.205  0.90695 

2460.00 

4.0650 

4.185 

12.287 

0.213 

0.204  0.90645 

2470.00 

4.0486 

4 . 181 

12.243 

0.212 

0.203  0.90595 

2480.00 

4.0323 

4.178 

12.200 

0.211 

0.202  0.90544 

2490.00 

4.0161 

4.174 

12.156 

0.209 

0.201  0.90493 

2500.00 

4.0000 

4.171 

12.111 

0.208 

0.200  0.90439 

2510.00 

3.9841 

4.168 

12.068 

0.207 

0.199  0.90385 

2520.00 

3.9683 

4.166 

12.024 

0.206 

0.198  0.90330 

2530.00 

3.9526 

4.164 

11.982 

0.205 

0 . 198  0.90276 

2540.00 

3.9370 

4.162 

11.940 

0.204 

0.197  0.90222 

2550.00 

3.9216 

4.159 

11.898 

0.203 

0.196  0.90140 

2560.00 

3.9063 

4.157 

11.857 

0.202 

0.195  0.90114 

2570.00 

2.8911 

4.155 

11.815 

0.201 

0.194  0.90060 

2580.00 

3.8760 

4.153 

11.774 

0.200 

0.193  0.90005 

2590.00 

3.8610 

4.151 

11.733 

0.198 

0.192  0.89930 

2600.00 

3.8462 

4.149 

11.692 

0 , 197 

0.192  0.89894 

2610.00 

3.8314 

4.148 

11 .652 

0.146 

0.191  0.69838 

2620.00 

3.8168 

4,147 

11.612 

0.195 

0.190  0.89731 

2630 . 00 

3.8023 

4.146 

11.572 

0.  i°4 

0.189  0.89724 

2640.00 

3.7879 

4.145 

11.533 

0.193 

0.180  0.89667 

2630 . 00 

3.7736 

4,145 

1 1 .495 

0 . 192 

0.187  0.89611 

2660.00 

3.7594 

4.144 

11.457 

0 . 192 

0.187  0.89555 

2670.00 

3.7453 

4.143 

11.420 

0.191 

0.186  0.8944? 
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2680.00  3.7313  4.142  11.382  0.190  0.185  0.89443 

2690.00  3.7175  4.142  11.345  0.189  0.184  0.89387 

2700.00  3.7037  4.142  11.309  0.188  0.184  0.89331 

2710.00  3.6900  4.141  11.272  0.187  0.183  0.8*274 

2720.00  3.6765  4.141  11.237  0.186  0.182  0.89218 

2730.00  3.6630  4.141  11.201  0.185  0.181  0.89162 

2740.00  3.6496  4.142  11.167  0.184  0.181  0.89106 

2750.00  3.6364  4.142  11.134  0.184  0.180  0.89052 

2760.00  3.6232  4.141  11.101  0.183  0.179  0.38999 

2770  '0  3.6101  4.141  11.068  0.182  0.179  0.88947 

2780. ^0  3.5971  4.140  11.036  0.181  0.178  0.88896 

2790.00  3.5842  4.139  11.004  0.180  0.177  0.88345 

2800.00  3.5714  4.137  10.973  0.180  0.177  0.88793 

2810.00  3.5587  4.135  10.941  0.179  0.176  0.88745 

2820.00  3.5461  4.134  10.910  0.178  0.175  0.88695 

2830.00  3.5336  4.132  10.879  0.177  0.175  0.88646 

2840.00  3.5211  4.131  10.849  0.177  0.174  0.88597 

2850.00  3.5088  4.128  10.819  0.176  0.174  0.88551 

2860.00  3.4965  4.125  10.789  0.175  0.173  0.88504 

2870.00  3.4843  4.122  10.759  0.174  0.172  0.88458 

2880.00  3.4722  4.119  10.729  0.174  0.172  0.88412 

2890.00  3.4602  4.116  10.699  0.173  0.171  0,88366 

2900.00  3.4483  4.113  10.670  0.172  0.170  0.88319 

2910.00  3.4364  4.109  10.640  0.172  0.170  0.88273 

2920.00  3.4247  4.106  10.610  0.171  0.169  0.83227 

2930,00  3.4130  4.102  10.581  0.170  0.168  0.88180 

2940.00  3.4014  4.099  10.551  0.169  0.168  0.88133 

2950.00  3 . 3893  4.096  10.522  0.169  0.167  0.88086 

2960.00  3.3784  4.092  10.492  0.168  0.167  0.88039 

2970.00  3.3670  4.089  10.463  0.167  0.166  0.07992 

2980.00  3.3557  4.086  10.435  0.167  0.165  0.87945 

2990.00  3.3445  4.082  10.406  0.166  0.165  0.87898 

3000.00  3.3333  4.079  10.377  0.165  0.164  0.87852 

3010.00  3.3223  4.075  10.349  0.165  0.163  0.87805 

3020.00  3.3113  4.071  10.320  0.164  0.163  0.87758 

3030.00  3.3003  4.068  10.291  0.163  0.162  0.87709 

3040.00  3.2895  4.065  10.262  0.163  0.162  0.87660 

3050.00  3.2787  4.062  10.233  0.162  0.161  0.37610 

3060.00  3.2680  4.059  10.205  0.161  0.16C  0.87560 

3070.00  3.2573  4.057  10.177  0.161  0.160  0.87510 

3080.00  3.2468  4.C34  10.149  0.160  0.159  0.87459 

3090.00  3.2362  4.052  10.121  0.159  0.159  0.8740y 

3100.00  3.2258  4.051  10.094  0.159  0.158  0.87358 

3110.00  3.2154  4.040  10.067  0.158  0.157  0.87309 

3120.00  3.2051  4.046  10.040  0.158  0.157  0.87259 

3130.00  3.1949  4.044  10.014  0.157  0.156  0.8721! 

3140.00  3.1847  4.042  9,988  0.156  0.156  0.87162 

3150.00  3.1746  4.040  9,962  0.156  0.155  0.87113 

3160.00  3.1646  4,030  9.936  0.155  0.155  0.87064 

3170.00  3.1546  4.036  9.910  0.155  0.154  0.87015 
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3180.00 

3.1447 

4  034 

9.683 

0.134 

0.134  0.86966 

3190.00 

3.1348 

4.033 

9.860 

0.133 

0.133  0.86917 

3200.00 

3.1230 

4.031 

9.836 

0.133 

0.133  0.86871 

3210.00 

3.1133 

4.028 

9.812 

0.132 

0.132  0.86823 

3220.00 

3.1056 

4.026 

9.789 

0.132 

0.132  0.86780 

3230.00 

3.0960 

4.023 

9.765 

0. 131 

0.131  0.86733 

3240.00 

3.0864 

4.020 

9.741 

0.151 

0.131  0.86689 

3230.00 

3.0769 

4.018 

9.717 

0.130 

0.150  0.86643 

3240.00 

3.0673 

4.013 

9.693 

0.130 

0.130  0.86397 

3270.00 

3.0381 

4.013 

9.670 

0.149 

0.149  0.86331 

3280.00 

3.0488 

4.011 

9.647 

0.149 

0.149  0.86305 

3290.00 

3.0393 

4.008 

9.624 

0. 148 

0.148  0.86461 

3300.00 

3.0303 

4.006 

9.602 

0.148 

0.148  0.86417 

3310.00 

3.0211 

4.003 

9.380 

0.147 

0.147  0.86374 

3320.00 

3.0120 

4.000 

9.338 

0.147 

0.147  0.86332 

3330.00 

3.003C 

3.996 

9.336 

0.146 

0.146  0.86291 

3340.00 

2.9940 

3.993 

9.314 

0.146 

0.146  0.86250 

3390.00 

2.9831 

3.989 

9.493 

0.143 

0.143  0.86209 

3340.00 

2.9762 

3.983 

9.471 

0.145 

0.143  0.86168 

3370.00 

2.9474 

3.981 

9.448 

0.144 

0.144  0.86126 

3380.00 

2.9386 

3.977 

9.426 

0.144 

0.144  0.86084 

3390.00 

2.9499 

3.973 

9.403 

0.143 

0.143  0.86042 

3400.00 

2.9412 

3.970 

9.383 

C.143 

0.143  0.86001 

3410.00 

2.9326 

3.963 

9.362 

0.142 

0.143  0.85939 

3420.00 

2.9240 

3.961 

9.340 

0.142 

0.142  0.83918 

3430.00 

2.9133 

3.938 

9.318 

0.141 

0.142  0.83873 

3440.00 

2.9070 

3.934 

9.296 

0.141 

0.141  0.83832 

3430.00 

2.8986 

3.930 

9.273 

0.140 

0.141  0.85791 

3440.00 

2.8902 

3.946 

9.254 

0.140 

0.140  0.85749 

3470.00 

2.8818 

3.942 

9.232 

0.140 

0.140  0 .83708 

3480.00 

2.8736 

3.938 

9.211 

0.139 

0.139  0 . 83663 

3490.00 

2.8633 

3.934 

9.189 

0.139 

0.139  0.83622 

3500.00 

2.8371 

3.930 

9.167 

0.138 

0.138  0.83578 

3910.00 

2.8490 

3.926 

9.146 

0.138 

0.138  0.83334 

3920.00 

2.8409 

3.923 

9.123 

0.137 

0.137  0.85491 

3330.00 

2.0329 

3.919 

9.104 

0.137 

0.137  0.8344/ 

3340. OQ 

2 « B249 

3.916 

9  .003 

0.136 

0.137  0.8540  < 

3530.00 

2.8169 

3.912 

9.062 

0.126 

0.136  0.85360 

3360.00 

2.8090 

3.908 

9.041 

0.133 

0.136  0,e3J17 

3370.00 

2.8011 

3.904 

9.020 

0.133 

0.135  0.85273 

3380.00 

2.7933 

3.901 

8.999 

0. 133 

0.133  0.83229 

3390.00 

2.7833 

3.897 

8.978 

0.134 

0.134  0.85184 

3600.00 

2.7778 

3.894 

8.957 

0.134 

0.134  0.83138 

3610.00 

2.7701 

3.891 

8.936 

0.133 

0.133  0.83092 

3620.00 

2.7624 

3.888 

8.913 

0.133 

0.133  0.83046 

3630.00 

2-7548 

3.883 

0.893 

0,132 

0.133  0.84909 

3640.00 

2.7473 

3.882 

8.874 

0.132 

0.132  0.84953 

3630.00 

2.7397 

3.880 

8.834 

0. 131 

0.132  0.849C6 

3660 . 00 

2.7322 

3.877 

8.834 

0.131 

0.131  0.84839 

3670.00 

2.7248 

3.873 

0.814 

0.131 

0.131  0.84812 
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UN 
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K 

3680.00 

2.7174 

3.873 

8.794 

3690.00 

2.7100 

3.870 

8.774 

3700.00 

2.7027 

3.868 

8.754 

3710.00 

2.6934 

3.866 

8.733 

3720.00 

2.6882 

3.863 

8.716 

3730.00 

2.6810 

3.863 

8.697 

3740.00 

2.6738 

3.861 

8.679 

3750.00 

2.6667 

3.859 

8 . 660 

3760.00 

2.6596 

3.837 

8.642 

3770.00 

2.6525 

3.853 

8.624 

3780.00 

2.6453 

3.833 

8.606 

3790.00 

2.6383 

3.851 

8.S8B 

3800.00 

2.6316 

3.e30 

8.570 

3810.00 

2.6247 

3.848 

8.333 

3820.00 

2,6178 

3.846 

8.333 

3830.00 

2.6110 

3.845 

8.318 

3840.00 

2.6042 

3.844 

8.S02 

3850.00 

2.3974 

3.843 

8  ‘83 

3860.00 

2.3907 

3.842 

8.  0 

3870.00 

2.5840 

3.840 

8.433 

3880.00 

2.3773 

3.839 

8.440 

3890.00 

2.3707 

3.837 

8.426 

3900.00 

2.3641 

3.833 

8.412 

3910.00 

2.3373 

3.832 

8.398 

3920.00 

2.3310 

3.829 

8.383 

3930.00 

2.3443 

3.823 

8.372 

3940.00 

2.3381 

3.821 

8.338 

3950.00 

2.3316 

3,816 

8.346 

3940.00 

3970.00 

3960.00 

3990.00 

4014.06 

4032.26 

4048.38 
4063.04 
4081.43 
4098.36 

4113.23 

4132.23 

4149.38 

4166.67 
4184 . 10 

4201.68 
4219.41 

4237.29 
4235.32 

4273.30 
4291.85 
4310.35 


2.3233 

2.3189 

2.3126 

2.3063 

2.4900 

2.4800 

2.4700 

2.4600 

2.4500 

2.4400 

2.4300 

2.4200 

2.4100 

2.4000 

2.3900 

2.3800 

2.3700 

2.3600 

2.3300 

2.3400 

2.3300 

2.3200 


3.811 

3.805 

3.797 

3.789 

3.763 

3.732 

3.744 

3.741 

3.741 

3.738 

3.730 

3.723 

3.720 

3.713 

3.705 

3.696 

3.691 

3.689 

3.680 

3.674 

3.671 

3.665 


8.333 

8 . 320 

8.307 

8.294 

8.247 

8.216 

8.  183 

8.149 

8. 120 

8.095 

8.071 

8.042 

8.014 

7.991 

7.966 

7.936 

7.903 

7.877 

7.849 

7.820 

7.790 

7.763 


0.130 

0.130 

0.129 

0.129 

0.129 

0.128 

0.128 

0.127 

0.127 

0.127 

0.126 

0.126 

0.126 

0.123 

0.123 

0.123 

0.124 

0.124 

0.124 

0.123 

0.123 

0.123 

0.122 

0.122 

0.122 

0.122 

0.121 

0.121 

0.121 

0.121 

0.120 

0.120 

0.119 

0.118 

0118 

0.117 

0.116 

0.116 

0.115 

0.113 

0.114 

0.114 

0.113 

0.113 

0.112 

0.112 

0.111 

0.111 

0.110 

0.109 


rABfc  o 


0.130  0.84765 
0.130  0.84718 
0.130  0.84671 
0.129  0.84624 
0.129  0.84377 
0.128  0.84331 
0.128  0.84483 
0.128  0.84440 
0.127  0.84395 
0.127  0.84330 
0.127  0.84303 
0.126  0.84260 
0.126  0.84215 
0.123  0.84170 
0. 123  0.84125 
0.123  0.84080 
0.124  0.84036 
0.124  0.83992 
0.124  0.83931 
0.123  0.83911 
0.123  0.83872 
0.123  0.83836 
0.123  0.83801 
0.122  0.83769 
0.122  0.83739 
0.122  0.83710 
0.121  0.83682 
0.121  0.83656 
0.171  0.83632 
0.121  0.83611 
0.120  0.83592 
0.120  0.83373 
0.119  0.83503 
0,118  0.03438 
0.118  0.83361 
0.117  0.83263 
0.116  0.83177 
0.116  0.83106 
0.113  0.83033 
0.115  0.82979 
0.114  0.82900 
0.114  0.82840 
0.113  0.82789 
0.113  0.82717 
0.112  0.82622 
0.111  0.82343 
0.111  0.82478 
0.110  0.82398 
0.110  0.82309 
0.109  0.82231 
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N 
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4329.00  2.3100 

3.662 

7.732 

0.109 

4347.83  2.3000 

3.660 

7.705 

0.108 

4366.81  2.2900 

3.636 

7.677 

0.108 

4385.96  2.2800 

3.654 

7.652 

0.107 

4405.29  2.2700 

3.647 

7.626 

0.107 

4424.78  2.2600 

3.644 

7.599 

0.106 

4444.44  2.2500 

3.640 

7.573 

0.106 

4464.29  2.2400 

3.632 

7.548 

0.105 

4484.30  2.2300 

3.626 

7.519 

0. 105 

4504.50  2.2200 

3.624 

7.491 

0.104 

4524.89  2.2100 

3.621 

7.466 

0.104 

4545.45  2.2000 

3.616 

7.440 

0.103 

4566.21  2.1900 

3.611 

7.415 

0.103 

4587.16  2.1800 

3.606 

7.390 

0.102 

4608.29  2.1700 

3.598 

7.366 

0.102 

4629.63  2.1600 

3.589 

7.338 

0.101 

4651.16  2.1500 

3.583 

7.309 

0.101 

4672.90  2.1400 

3.578 

7.281 

0.100 

4694.84  2.1300 

3.572 

7.254 

0.100 

4716.98  2.1200 

3.569 

7.227 

0.099 

4739.34  2.1100 

3.363 

7.199 

0.099 

4761.90  2.1000 

3.339 

7.175 

0.098 

4784.69  2.0900 

3.530 

7.151 

0 . 098 

4807.69  2.0800 

3.542 

7.120 

0.097 

4830.92  2.0700 

3.338 

7.094 

0.097 

4854.37  2.0600 

3.531 

7.068 

0 . 096 

4878.05  2.0500 

3.522 

7.042 

0.096 

490 1 c  96  2.0400 

3.512 

7.012 

0.095 

4926.11  2.0300 

3.507 

6.981 

0 . 095 

4950.50  2.0200 

3.500 

6.956 

0.0"4 

4975.12  2.0100 

3.483 

A. 927 

0.094 

5000.00  2.0000 

3.483 

6.879 

0.093 

5025.13  1.9900 

3.494 

6.855 

0.093 

5050.50  1.9800 

3.487 

6.831 

0.092 

5076.14  1.9700 

3.484 

6.806 

0.092 

5102.04  1.9600 

3.478 

6.782 

0.091 

5128.20  1.9300 

3.470 

6.755 

0.091 

5154.64  1.9400 

3.463 

6.728 

0 . 090 

5181.33  1.9300 

3.456 

6.699 

0 . 090 

3208.33  1.9200 

3.449 

6  *  667 

0.089 

5233.60  1  .9100 

3.450 

6.636 

0 . 089 

5263.16  1.7000 

3.447 

6.612 

0.088 

5291.00  1.8900 

3.442 

6.586 

0.088 

5319.15  1.8800 

3.438 

6.561 

0.087 

347.59  1.8700 

3.431 

6.534 

0.087 

3376.34  1.8600 

3.428 

6.511 

0.007 

5403.40  1.8500 

3.414 

6.486 

0 . 086 

5434.78  1.8400 

3.406 

6 . 454 

0.086 

5464.48  1.8300 

3.402 

6.424 

0 , 085 

5494.50  1.8200 

3.397 

6.396 

0.085 

DK  R 

0.108  0.82135 
0.108  0.82052 
0.10>  0.81965 
0.107  0.81885 
0.106  0.81816 
0.106  0.81729 
0.105  0.81651 
0.105  0.81583 
0.104  0.81498 
0.104  0.81404 
0.103  0.81321 
0.102  0.81245 
0.102  0.81166 
0.101  0.81090 
0.101  0.81023 
0.100  0.80947 
0.100  0.80855 
C.fto  0.80766 
9  0.80679 
98  0.80586 
598  0.80498 
0.097  0.80417 
0.097  0 . 80348 
0.096  0.80252 
5.096  0.80158 
0.075  l .80080 
0.094  0.80003 
0.094  0.79913 
0.093  0.79802 
0.093  0.79721 
0.092  0.79656 
1,091  0.79456 
0.091  0.79321 
0.090  0.79238 
0.090  0.79144 
0.089  0.79057 
0.089  0.78969 
0.088  0.78872 
0.088  0.78769 
0.087  0.78649 
0.086  0.78508 
0.086  0.78410 
0.085  0.78307 
0.085  0.78207 
0.084  0.78106 
0.084  0.78012 
0.084  0.77939 
0.083  0.77810 
0.082  0.77690 
0.082  0.77575 
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5524,86 

1.8100 

3.392 

6.370 

0.084 

0.081 

0.77465 

5555.56 

1.8000 

3.382 

6.342 

0.084 

0.081 

0.77366 

5586.59 

1.7900 

3.376 

6.311 

0.083 

0.080 

0.77236 

5617.98 

1.7800 

3.370 

6.281 

0.083 

0.080 

0.77104 

5649.72 

1.7700 

3.367 

6.251 

0.082 

0.079 

0.76972 

5681.82 

1.7600 

3.363 

6.224 

0.082 

0.078 

0.76850 

5714.29 

1.7500 

3.356 

6.196 

0.081 

0.078 

0.76733 

5747.13 

1.7400 

3.351 

6.167 

0.081 

0.077 

0.76601 

5780.35 

1.7300 

3.347 

6.136 

0.080 

0.077 

0.76462 

5813.95 

1.7200 

3.343 

6.109 

0.0b  0 

0.076 

0.76333 

5847.95 

1.7100 

3.338 

6.080 

0.079 

0.076 

0.76202 

5882.35 

1.7000 

3.335 

6.052 

0.079 

0.075 

0.76066 

5917.16 

1.6900 

3.329 

6.027 

0.078 

0.075 

0.75951 

5952.38 

1.6800 

3.326 

5.996 

0.078 

0.074 

0.75799 

5988.02 

1.6700 

3.323 

5.970 

0.077 

0.074 

0.75675 

6024.10 

1.6600 

3.318 

5.941 

0.077 

0.073 

0.75533 

6060.61 

1.6300 

3.315 

5.915 

0.077 

0.073 

0,75400 

6097.56 

1.6400 

3.311 

5.889 

0.076 

0.072 

0.75279 

6134.97 

1.6300 

3.307 

5.863 

0.076 

0.072 

0.75147 

6172.84 

1.6200 

3.301 

5.837 

0.075 

0.071 

0.75022 

6211.18 

1.6100 

3.296 

5.809 

0.075 

0.071 

0.74885 

6250.00 

1.6000 

3.294 

5.784 

0.074 

0.070 

0.74751 

6289.31 

1.5900 

3.286 

5.759 

0.074 

0.070 

0.74638 

6329.11 

1.3800 

3.281 

5.733 

0.074 

0.069 

0.74505 

6369.43 

1.5700 

3.275 

5.707 

0.073 

0.069 

0.74378 

6410.26 

1.3600 

3.270 

5.683 

0.073 

0.069 

0.74261 

6451.61 

1.330C 

3.260 

5.657 

0.072 

0.068 

0.74146 

6493.51 

1.3400 

3.253 

5.627 

0.072 

0.067 

0.73992 

6535.95 

1.5300 

3.251 

5.600 

0.071 

0.06  7 

0.73840 

6578.93 

1,3200 

3.242 

5.578 

0.071 

0.066 

0.73738 

6622.52 

1.5100 

3.234 

5.549 

0.071 

0.066 

0.73598 

6666.67 

1.5000 

3.229 

5.522 

0.070 

0.065 

0.73448 

6711.41 

1.4900 

3.221 

5.496 

0.070 

0.065 

0.7331/ 

6756.76 

1.4800 

3.212 

5.469 

0.069 

0.064 

0.73185 

6802.72 

1.4700 

3.205 

5.438 

0.069 

0.064 

0.73021 

6049.31 

1.4600 

3.201 

5.410 

0.069 

0.063 

0.72860 

6896.55 

1.4300 

3.194 

5.385 

0.068 

0.063 

0.72728 

6944.44 

1.4400 

3.186 

5.355 

0.068 

0.062 

0.72568 

6993.01 

1.4300 

3.181 

5.327 

0.067 

0.062 

0.72405 

7042.25 

1.4200 

3.176 

5.300 

0.067 

0.061 

0.72248 

7092.20 

1.4100 

3.170 

5.273 

0.066 

0.061 

0.72096 

7142.86 

1.4000 

3.162 

5.246 

0.066 

0.060 

0.71947 

7194.25 

1 .3900 

3.156 

5.217 

0.065 

0.060 

0.71780 

7246.38 

1 .3800 

3.151 

5.188 

0.065 

0.059 

0.71603 

7299.27 

1.3700 

3.148 

5.159 

0.065 

0.058 

0.71424 

7352.94 

1 .3600 

3.145 

5.133 

0.064 

0.C58 

0 . 7 1 2  5  ‘  > 

7407.41 

1.3500 

3.141 

5.10? 

0.064 

0.058 

0.71111 

7462.69 

1.3400 

3.135 

5.086 

0.063 

0.057 

0. 7C?-2 

7518.80 

1.3300 

3.125 

5.061 

0.063 

0.057 

0.70839 

7373.76 

1.3200 

3.118 

5.034 

0.063 

0.056 

0 . 70674 
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7633.59 

1.3100 

3.114 

3.008 

0.062 

0.056  0.70312 

7692.31 

1.3000 

3.105 

4.983 

0.062 

0.035  0.70377 

7731 .94 

1.2900 

3.096 

4.957 

0.061 

0.053  0.70212 

7812.30 

1.2800 

3.091 

4.931 

0.061 

0.034  0.70042 

7874.02 

1.2700 

3.083 

4.908 

0.061 

0.034  0.69906 

7936.31 

1.2600 

3.071 

4.880 

0.060 

0.033  0.69731 

8000.00 

1.2300 

3.064 

4.832 

0.060 

0.033  0.69371 

8064.32 

1.2400 

3.056 

4.827 

0.060 

0.033  0.69418 

8130.08 

1.2300 

3.046 

4.800 

0.039 

0.032  0 .6°247 

8196.72 

1.2200 

3.036 

4.773 

0.039 

0.032  0.69089 

8264.46 

1 .2100 

3.018 

4.743 

0.058 

0.051  0.68926 

8333.33 

1.2000 

3.022 

1.699 

0.038 

0*030  0.68373 

8403.36 

1 .1900 

3.028 

4.681 

0.037 

0.030  0.68413 

8474.38 

1.1800 

3.016 

4.636 

0.057 

0.049  0.68261 

8347.01 

1.1700 

3.009 

4.632 

0.037 

0.049  0.68102 

8620.69 

1.1600 

3.002 

4.603 

0.036 

0.049  0.67914 

8695.63 

1.1500 

2.996 

4.381 

0.056 

0.048  0.67740 

8771.93 

1.1400 

2.987 

4.336 

0.033 

0.048  0.67574 

8849.36 

1.1300 

2.980 

4.330 

0.033 

0.047  0.67392 

8928.37 

1 .1200 

2.972 

4.503 

0.055 

0.047  0.67206 

9009.01 

1.1100 

2.963 

4.479 

0.034 

0.046  0.67030 

9090.91 

1 . 1000 

2.937 

4.434 

0.034 

0.046  0.66837 

9174.31 

1.0900 

2.948 

4.431 

0.034 

0.046  0.66697 

9239.26 

1 .0800 

2.937 

4.403 

0.033 

0.043  0.66317 

9343.79 

1.0700 

2.927 

4.377 

0.033 

0.043  0.66326 

9433.96 

1.0600 

2.918 

4.330 

0.053 

0.044  0.66122 

9323.81 

1 .0300 

2.910 

4.325 

0.052 

0.044  0.63941 

9613.38 

1.0400 

2.899 

4.299 

0.032 

0.043  0.63739 

9708.74 

1.0300 

2.891 

4.270 

0.031 

0.043  0.43334 

9803.92 

1.0200 

2.883 

4.243 

0.031 

0.042  0.63325 

9900,99 

1.0100 

2.877 

4.216 

0.051 

0.042  0.63108 

10000.00 

1.0000 

2.868 

4.192 

0.050 

0.042  0.64924 

10101.01 

0.9900 

2.863 

4.164 

0.030 

0.041  0.64689 

10204.08 

0.9800 

2.837 

4.145 

0.030 

0.041  0.64333 

10309.28 

0.9700 

2.845 

4.122 

0.049 

0.040  0.64376 

10416.67 

0.9600 

2.836 

4.099 

0.049 

0.040  0.64198 

10526.32 

0.9300 

2.821 

4.073 

0.049 

0.040  0.64029 

10638.30 

0.9400 

2.812 

4.047 

0.048 

0.039  0.63797 

10752.69 

0.9300 

2.802 

4.026 

0.048 

0.039  0.63633 

10869.56 

0.9200 

2.790 

4.001 

0.048 

0.039  0.63448 

10989.01 

0.9100 

2.777 

3.976 

0.047 

0.038  0.63256 

11111.11 

0.9000 

2.766 

3.948 

0.047 

0.038  0.63027 

11233.93 

0.8900 

2.757 

3.926 

0.047 

0.037  0.62848 

11363.64 

0.8800 

2.742 

3.903 

0.046 

0.037  0.62679 

11494.23 

0.8700 

2.729 

3.879 

0.046 

0.037  0.62491 

11627.91 

0.8600 

2.713 

3.852 

0.046 

0.036  C. 62286 

11764.71 

0.8300 

2.700 

3.822 

0.043 

0.036  0.62037 

11904.76 

0.8400 

2.689 

3.793 

0.045 

0.035  0.61793 

12048.19 

0.8300 

2.678 

3.769 

0.044 

0.035  0.615/7 

12193.12 

0.8200 

2.666 

3.741 

0.044 

0.035  0.61331 
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12345.48  Ot 8100  2,457  3.714  0.044  0.034  0.41074 

12300.00  O.Sl'OO  2.44?  3.693  0.043  0.034  0.40887 

124S8.23  0.7900  2.433  3.449  0.043  0.033  0.40491 

12820.51  0.7800  2.423  3.442  0.043  0.033  0.40447 

12987.01  0.7700  2.411  3.419  0.042  0.033  0.40245 

13157.89  0.7400  2.597  3.395  0.042  0.032  0.40040 

13333.33  0.7500  2.587  3.34?  0.042  0.032  0.59793 

13513.51  0.7400  2.577  3.549  0.041  0.032  0.39603 

13498.43  0.7300  2.344  3.327  0.041  0.031  0.59412 

13388.89  0.7200  2.54?  3.507  0.041  0.031  0.59243 

14084.31  0.7100  2.333  3.483  0.041  0.031  0.59049 

14285.71  0.7000  2.31?  3.443  0.040  0.031  0.58875 

14492.75  0.4900  2.503  3.443  0.040  0.030  0.58707 

14705.88  0.4800  2.484  3.423  0.040  0.030  0.58542 

14925.37  0.4700  2.448  3.404  0.040  0.030  0.58397 

15181.51  0.4400  2.448  3.383  0.039  0.030  0.58240 

15384.42  0.4500  2.427  3.341  0.039  0.029  0.58082 

15425.00  0.4400  2.408  3.334  0.039  0.029  0.57840 

15873.02  0.4300  2.391  3.317  0.038  0.029  0.57700 

14129.03  0.4200  2.370  3.297  0.038  0.029  0.57561 

16393.44  0.4100  2.350  3.277  0.038  0.028  0.57414 

14646.67  0.4000  2.328  3.2S9  0.038  0.028  0.57288 

16949.15  0.5900  2.305  3.241  0.038  0.028  0.57183 

17241.38  0.5800  2.281  3.223  0.037  0.028  0.57087 

17543.84  0.5700  2.252  3.210  0.037  0.028  0.57070 

17857.14  0.5600  2.219  3.190  0.037  0.028  0.57001 

18181.82  0.5500  2.189  3.171  0.037  0.02Q  0.56916 

18518.52  0.5400  2.154  3.153  0.034  0.028  0.56881 

18847.92  0.5300  2.119  3.134  0.036  0.028  0.56861 

19230.77  0.5200  2.080  3.113  0.034  0.028  0.54829 

19607.84  0.5100  2.039  3.091  0.035  0.028  0.56811 

20000.00  0.5000  1.996  3.067  0.035  0.027  0.56784 

20408.16  0.4900  1.952  3.043  0.035  0.027  0.56770 

20833.33  0.4800  1.903  3.019  0.034  0.027  0.36830 

21276.60  0.4700  1.846  2.989  0.034  0.02?  0.56874 

21739.13  0.4600  1.790  2.949  0.033  0.027  0.56778 

22222.22  0.4500  1.736  2.906  0.032  0.027  0.56639 

22727.27  0.4400  1.682  2.858  0.032  0.026  0.56423 

23255.81  0.4300  1.631  2.806  0.031  0.026  0.56133 

23809.52  0.4200  1.583  2.753  0.030  0.026  0.55781 

24390.24  0.4100  1.538  2.698  0.029  0.025  0.55387 

25000.00  0.4000  1.492  2.644  0.029  0.025  0.35020 

25441.03  0.3900  1.442  2.588  0.028  0.024  0.34675 

26315.79  0.3800  1.390  2.526  0.027  0.024  0.54254 

27027.03  0.3700  1.33?  2.434  0.026  0.023  0.53633 

27777.78  0.3600  1.296  2.375  0.025  0.022  0.32742 

28571.43  0.3500  1.242  2.295  0.024  0.022  0.51622 

29411.76  0.3400  1.234  2.217  0.023  0.021  0.50416 

30303.03  0.3300  1.207  2.141  0.023  0.020  0.49200 

31250.00  0.3200  1.179  2.061  0.022  0.019  0.47834 
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32238.06  0. 

33333.33  0. 
34482.76  0. 
33714 • 29  0. 
37037.04  0. 

38461.34  0. 
40000.00  0. 
41666.67  0. 
43478.26  0. 
43434.33  0. 
47619.05  0. 


3100  1.164 
3000  1.135 
2900  1.142 
2800  1.134 
2700  1.127 
2600  1.117 
2300  1.109 
2400  1.104 
2300  1.110 
2200  1.123 
2100  1.141 


1.976  0.021 
1.902  0.020 
1.829  0.020 
1.737  0.019 
1.690  0.019 
1.621  0.018 
1.353  0.017 
1.480  0.017 
1.408  0.016 
1.347  0.016 
1.305  0.013 


0.018  0.46049 
0.017  0.44336 
0.016  0.42701 
0.016  0.40899 
0.015  0.39204 
0.014  0.37444 
0.013  0.33602 
0.012  0.33346 
0.011  0.31287 
0.010  0.29188 
0.010  0.27639 
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ABSTRACT 

Optical  ooaataata  of  a  naabar  of  natnrally  ocearriag  aiaarala  la  tba  aabailllaMtar  aad 
ailliaatar  wavelength  raaga  «ara  dataraiaod  froa  tba  raflcotaaoa  apootra  of  praaaod  powder  aaaplaa. 
Tba  affaet  of  tba  loaa  of  the  water  of  hydration  aad  of  aarfaoa  roagbaaaa  wan  atadiad  for  t*o 
aiaarala. 


I .  INTRODUCTION 

Ma  bagia  by  pointing  ont  a  vary  important  faatara  of  tkla  work.  Va  obtained  optioal  ooaataata 
by  aaaaa  of  Kraaara-tronig  traas format loa  of  roflaotaaea  data  aalag  data  froa  tbla  laboratory  aad 
tba  laboratory  of  Dr.  Marvin  Quarry  of  tba  Optical  Solenoa  Laboratory  of  tba  Pbyaloa  Dapartaant, 
Ualvertity  cf  Mlaionrl-Eanaaa  City.  Tbla  aaaaa  tbat  a  very  large  apaotral  raaga  la  available,  whiob 
la  critieally  laportant  for  aooarate  reanlta  froa  tba  Iraaere-Sronlg  transformation.  la  tha  caaa  of 
tba  natural  aiaarala.  having  data  acta  froa  both  laboratoriaa  ia  aapeoially  oraolal  baoaaaa  tba 
raflaotaaoe  apootra  have  aany  faataraa  in  tha  ragloa  vbara  tba  two  data  aata  overlap,  So-oallad 
wing  correction!  are  diffioult  to  aaka  aatiafactorily  uaing  only  one  or  tba  other  of  tha  two  data 
aata . 

Tba  raflaotaaoe  of  a  nuabet  of  natural  aiaarala  was  aeasurad  ia  tba  20-/00  oar*  apaotral  raaga. 
Thie  data  vaa  combined  with  tbat  evpplled  by  Dr.  Quarry  (when  available)  to  obtain  optioal  ooaataata 
for  tba  apaotral  range  froa  20  to  4000  ca-1  by  uae  of  tba  Kraaere-Sroaig  transformation.  Oar  work, 
along  with  that  of  Quarry  aoggaata  that  gypaua  made  anbydroua  (a.g.,  by  axpoaura  to  vaeaiua)  would 
■aka  a  good  atandard  taaple  for  praatad  pallet  powder  etudiee  undertaken  by  various  laboratoriaa. 

Tha  optical  oonatanti  obtained  in  thi*  project  are  important  for  tba  calculation  of  atmospheric 
traneaiesion  in  tha  presence  of  aeroeole  derived  froa  eoile.  Raeently,  Milbaa  baa  eoaparad  tba 
obierved  trapaaiaelon  ia  a  ohaaber  with  the  calculated  transmission  uaing  aessared  optioal 

ooaataata  and  current  scattering  theory.'  Reasonable  agreement  was  obtained. 
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It  acknowledge  the  eupport  end  cooperation  of  Dr.  Marvin  Quarry  of  the  Univeralty  of 
Mleeourl-Kaaaaa  City.  Dr.  Qnerry  eupplied  na  with  hie  infrared  and  vieible  data  on  a  nuaber  of 
eeaplee  prior  to  pablioation  and  provided  na  with  no  at  of  hie  eaaple  nateriala.  fe  eaphaaiae  that 
having  data  fro*  both  hie  and  onr  epeotral  range  greatly  improved  the  aoonraey  of  the  Kraaere-Kronig 
analyeia  neeeeeary  to  obtain  the  optieal  conatanta  froa  the  reflectance  data.  Availability  of  hie 
aaaplca  allowed  ooaparieon  of  the  data  froa  both  laboratoriea  in  the  region  of  epectral  overlap. 

All  freqneneiea  in  thie  report  are  in  vavenaabere.  Previona  work  on  additional  ainarala  vaa 

2 

reported  at  thie  conference  laat  year.  For  theee  ainerala  ve  nov  have  data  available  froa  Qnerry 
ao  ve  preeent  the  optieal  conatanta  baaed  upon  the  reflectance  froa  20  to  4000  ce  2. 

II.  NATURAL  MINERALS 

Thie  aeetion  begine  with  aoae  definiticna.  Optical  conatanta  vere  neaaored,  and  are  prevented 

in  two  forae.  They  aay  be  expxcased  aa  a  conplex  index  of  refraction,  n  ■  n  ♦  ik,  or  ae  a  ooaplex 

0 

dielectric  conatant,  a  ■  ij  +it..  The  vaya  of  expreeaing  the  optical  oonatante  are  related  by 


and 

tj2  -  2nk. 

Table  1  lleta  the  natural  ainerala  vhoee  optical  oonatante  vere  *' ■  it  thie 

project.  Moat  of  then  are  not  available  ae  tingle  oryetala.  Thie  ie  pat.  .«rly  true  for  clay 
ainerala.  vhioh,  of  courae,  are  aajor  conetituenta  of  many  aoila.  Becauae  aoat  of  theae  ainerala 
are  available  only  aa  povdera,  aeaanreaent  teohnlqnee  appropriate  to  povdere  had  to  be  need. 

Baaplee  vere  prepared  by  preaaing  the  powder  eaaple  with  no  binder  or  aatrix  into  a  pellet 
uaing  relatively  high  preaanre.  For  aany  ainerala,  thia  reaulte  in  a  pallet  with  a  nirror- like  or 
near  airror-llke  finieh  at  viaible  wavelengthe.  Snob  aurfacea  are  aore  than  anffioiently  aaooth  for 
infrared  and  aubailliaeter  reflectanoe  aeaaureaenta.  Dr.  Marvin  Quarry  vae  the  firat  to  fully 
develop  thia  aethod  and  ehov  that  it  gave  good  reaulte.2  Beoauae  of  the  excellent  reaulta  obtained 
by  Quarry  neing  preeaed  pelletc.  ve  adopted  thia  aethod  for  aoat  of  our  aeaaureaenta  upon  the 
naturally  occurring  ainerala. 

Before  diecutaing  the  aeaeureaenta,  it  ie  neoeeaary  to  diacnea  aoae  of  the  dravbaeke  of  the 
preaaad  pellet  teohniqoe.  A  aajor  problea  reaulta  froa  the  aniaotropy  of  aoat  of  the  ainerala 
atndled.  Then  a  preeaed  pellet  la  aade,  the  orientation  of  the  eryatallitee  aaking  np  the  eaaple  ie 


random  or,  as  wo  shall  too  later,  partially  oriented.  Till*  nean*  that  the  measured  refleotanoe  froa 
the  prosaed  pellet  la  an  average  of  tone  hind  over  all  the  poaelble  orientation*  of  the  crystal 
axe*.  Thl*  drawback  It  suffered  by  all  method*  which  n*e  powdered  *aapl*t,  bnt  an*t  be  aooepted  for 
material*  for  whioh  tingle  oryatal*  are  unavailable.  It  nay  be  lea*  of  a  drawback  than  flrat  appear* 
bocau**  any  actuating  calculation  of  an  aerosol  trantaltaion  auit  average  over  particle  orientation 
and  the  average  obtained  froa  the  proceed  pellet  aeamreaent*  it  probably  a*  good  a*  any.  In  any 
cate,  region*  of  atrong  absorption  are  dearly  Identified. 

>mc.'  tt  drawback  of  the  pressed  pellet  it  not  all  aateriala  are  sufficiently  toft  to  make 
pellets  which  atiok  together.  For  the  aineralt  of  thia  study,  pellet*  could  be  aade  froa  all  of 
thea.  However,  the  surfaoe  finish  varied.  Softer  notarial*  aade  pellets  with  smoother  surface*. 

Our  conclusion  la  in  agreeaent  with  that  of  Querry,  that  of  the  available  techniques,  the 
pressed  pellet  reflectance  aethod  it  the  best  for  those  aaterial*  froa  which  pellets  oan  be  pressed. 

TABLE  I.  NATURAL  MINERALS  STUDIED 


Staple  Spectral  Rar.gi* 


Liaonite 
Illite 
Hematite 
Gyp ana 
Gyp ana 

Nontaor illonite 

Kaolin 

Gypsum 

Qypsua 

Gyp tun 

Gypsum 

Gyptua 

Montaor illonite 
Montaor illonite 
Montaorillonlte 
Montaor 11 Ionite 
Montaiorillonite 


20-4000  cm-1 
20-4000  cur-1 
70-400  ca-1 
20-4000  ca-1 
20—400  cm-1 
20-4000  ca-1 
20-4000  ca-1 
70-400  cm-1 
70-400  cm-1 
70-400  cm-1 
70-400  cm-1 
70-400  ca-1 
70-400  cm-1 
70-400  cm-1 
70—400  cm-1 
70-400  ea-» 
70-400  ca-1 


Connect* 


Naturally  ocouring  powder 
Naturally  ocouring  powder 
Lisionite  aade  anhydrous  by  heating 
Naturally  occur ing  powder 
Made  anhydrous  by  expoteure  to  vacuum 
Naturally  ocouring  powder 
Naturally  ooourlng  powder 
Surface  roughened  by  1  micrometer  grit 
Surfaoe  roughened  by  3  aloroaeter  grit 
Surfaoe  roughened  by  8  aloroaeter  grit 
Surfaoe  roughened  by  #600  grit 
Surface  roughened  by  #400  grit 
Surface  roughened  by  1  aloroaeter  grit 
Surfaoe  roughened  by  3  micrometer  grit 
Surfaoe  roughened  by  8  aloroaeter  grit 
Surface  roughened  by  #600  grit 
Surfaoe  roughened  by  #800  grit 


*  Includes  reflectance  data  of  Dr.  Marvin  Querry,  Optioal  Soienoe 
Laboratory,  Pbysioa  Departaent.  University  of  Mlssourl-Kansas  City, 
when  available,  for  400  on-1  to  4000  on-*. 


Before  pressing  into  pellets,  powders  were  ground  as  finely  a*  possible  with  a  mortar  and 
peatle.  This  powder  was  them  pressed  with  a  commercial  infrared  pellet  die  to  Bake  one-half  inch 
diameter  pellets.  Forces  on  the  die  ran  ranged  up  to  23  thousand  pound*.  This  process  usually 
produced  pellet*  with  a  good  surface  finish  and  a  density  ranging  froa  75  to  90  peroent  of  the  bulk 
deneity.  Bvidence  is  discussed  below  that  a  surfaoe  layer  exists  on  the  pellet  whioh  has  a  density 
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oomsldsrably  higher  than  tk«  density  of  the  ptllit,  This  mesas  that  the  '-flictio# 

Mliuwnti  are  made  on  •  surfaoe  layer  having  a  density  naar  the  hoik  value. 

The  reflection  aoaaureaents  ware  made  *lth  a  eoaaarcial  UIC  PS-720  Fourier  ttaaafora 
epectroaeter .  A  laboratory-built  raflaetioa  attaohaaut  was  used  to  obtaia  reflection  apsotra  of 
several  samples  vlthoat  the  aaad  to  break  the  inat resent  vacuum  when  changing  aaaplea.  A  gold  or 
alaalnaa  alrror  waa  aaad  aa  the  reference.  In  the  20-400  on-1  region,  no  correction  needa  to  be 
node  for  the  reflectivity  of  theae  reference  nirrora. 

The  epeotroneter  wae  controlled  by  aa  ISM  PC  which  acquired  the  interferograa  and  then  oonputed 
the  Poariar  t ran* fora.  Sawaral  interfarograaa  could  ba  co-added  (averaged)  if  needed  to  improve  the 
tigaal  to  noiae  ratio.  The  reuniting  reflectance  apeetra  were  then  Kranera-Cronig  tranaformed  to 
obtaia  *j  and  ij,  or  n  and  k.  Than  reflectance  data  fron  Quarry  waa  available  it  waa  added  on  to 
our  data  act  before  the  Kramers-Kronlg  transform  waa  performed. 

LIMONITE 

Linonlte  la  harder  than  me  materials,  but  pellets  with  good  surface  finish  could 

bo  pressed.  The  neaaured  refleotance  speotrun  is  shown  in  Fig.  1.  The  resulting  index  of 
refractlrn  is  plotted  in  Fig.  2. 

In  addition  to  the  powder  castle,  a  solid  piece  of  .  inonlte  was  ground  and  polished.  The 
refleotance  of  this  sanple  is  shown  in  Pig.  3.  Note  there  are  sons  differences  between  the  powder 
sample  and  the  rook  sample.  This  is  probably  due  to  partial  orientation  of  the  crystallites  in  the 
rook  during  its  formation. 

I  LUTE 

Illlte  le  yet  another  naturally  oocuring  clay  type  material.  The  reflectance  of  a  pressed 

pellet  ie  shown  in  Fig.  4  and  the  index  of  refraction  is  shown  in  Fig.  3. 

HEMATITE 

Bsnatlte  is  the  anhydrous  form  of  liswnite.  Our  samples  were  produced  by  heating  the  light 
orange  limonite  until  it  turned  dark  red.  Pellets  were  pressed  from  this  red  powder.  The  measured 
xefleotsao*  is  shown  as  Pig.  (.  As  no  infrared  data  were  available,  only  the  region  from  20  to  400 
cm-1  ie  shown  for  the  index  of  refraction  in  Fig.  7.  The  appreciable  ohangee  is  the  spectra  seen 
upon  loss  of  the  water  of  hydration  in  the  change  fron  linonlte  to  benefit*  are  discussed  below. 

III.  SUBPAGE  ROUGHNESS 

The  effect  of  surface  roughness  was  studied  to  mske  sure  that  the  surfaces  of  the  pressed 

pellets  vers  sufficiently  smooth  to  not  influence  the  reflectance  meesorements.  That  this  is  indeed 


true  oan  be  seen  fro*  Pig.  8.  Plotted  there  la  the  reflectance  aa  a  fane t ion  of  nnaukir  for 
pallata  of  aoataoril Ionite  'polished'  with  ebrativ*  paper*  of  variont  grit  aiaaa  froa  1  aioroaeter 
to  #400  grit.  Tbara  are  at  laaat  too  important  observation*  to  ba  made.  Note  that  roughening  with  1 
aioroaeter  grit  and  8  aioroaeter  grit  lead  to  ideatieal  apaotra.  fa  interpret  thlt  aa  aaaalag 
ronghneea  at  the  level  of  8  niorenetera  doaa  not  iaflnenoe  tha  II  neaeored  raflaotaaoa.  Saoond.  tha 
faot  that  poliahiftf  with  1  aioroaetcr  grit  radneaa  tha  raflaotaaoa  of  tha  pellet  aa  pressed 
iadiostea  that  tha  poliahiag  operatioa  it  reaoviag  a  thia  leper  of  density  greater  thaa  the  average 
density  of  the  pellet.  It  ie  thlt  evident*  that  ooaviaeea  aa  that  the  ntaanrad  refleotaao*  (aad 
heao*  tha  derived  optioal  ooaataata)  oorraapoada  nor*  oloeely  to  arterial  of  nearly  the  deaaity  of 
tingle  orytttlt  thaa  the  neatared  sveragt  deaaity  of  the  pelleta  won Id  iadioat*. 

Tha  effeota  of  tnrfaoe  rooghaeaa  upon  refleotaao*  hat  been  ttndied  in  the  near  infrared  aad 
vitible  by  a  number  of  worker*.  For  ezanple.  tee  the  paper  by  B.  B.  Bennett  and  J.  0.  Portent4. 
Their  actlyti*  tnggettt  that  the  refleotaao*  should  depend  npoa  the  wavelength,  X,  and  the  BM8 
tnrfaoe  ronghnett,  t,  in  tb'  'orn: 

B  -  Bo  eap  t  -<As/X)2  )  Bq.  (1) 

where  Bo  it  the  reflectance  of  the  snooth  tnrfaoe.  Figaro  9  ahows  a  fit  to  the  nontaorillonito 
refleotaao*  data  for  tnrfeoea  polished  with  8  aieroatter,  #600  and  #400  grits.  The  fit  with  Bq.(l) 
it  ahown  where  a  it  ohoaen  to  give  a  good  fit  and  it  oonalderably.  tatller  thaa  the  grit  tia*. 

The  tignifioanoe  of  this  fit  should  not  be  over  eaphaaiaed  btoans*  the  nodal  la  being  poshed  rather 
hard  to  nee  it  for  our  wavelength  region  and  ronghnett.  If  the  data  it  plotted  et  a  function  of 
waveanaber,  instead  of  wavelength,  t  linear  fit  aa  a  function  of  wavenumber  work*  gait*  well,  as 
shown  in  Fig.  10.  The  significance  of  this  Is  not  obvious. 

A  gyptna  pellet  vat  alto  pollahtd  with  several  grit  tit**,  this  tia*  starting  with  the  oourte 
#400  grit  and  then  with  successively  finer  grits.  Gypsum  was  chosen  because  it  has  several  atrong 
absorptions  between  100-400  oat-1,  Tho  result!  tr*  shown  in  Fig.  11,  Once  again  the  results  suggest 
the  reaoval  of  e  thin  tnrfaoe  layer  of  density  hightr  than  the  average  for  the  pellet. 

IV.  LOSS  OF  BATES  HYDRATION 
OTP  SDK 

Figure  12  ahovt  the  aeaanrad  reflectance  of  t  pressed  pellet  of  gypena  powder.  A*  discussed 
above,  tble  speotrua  we*  combined  with  the  epeotrua  supplied  by  ftnerry  for  400-4000  on-1  and  the 
Kr inert-iron ig  trans foraat ion  med  to  obtain  n  end  k  plotted  in  Fig.  13.  This,  of  oonrse,  is  an 
average  over  the  vtriout  orientations  of  the  gypena  oryetellite*  at  the  pellet  tnrftoe.  Gyp tun  is 


ifilUbli  ii  •  ili|l*  otyitil  ud  One  try  kn  sad*  comparisons  bitnn  tha  speotra  of  a  single 
orystal  and  tka  powder  aaapla  ia  the  lafiatad  is  his  talk  at  tks  C8L  Conference  oa  Aaroaol*  and 
Obscurants  la  1913*. 

ANETDEOOS  GYPSUM 

Naturally  oo curing  gypsum  aoataiaa  waters  of  hydration.  Baa ting  gyp  ana  or  arpoaiag  it  to 
vatiaa  oaaaaa  tha  loaa  of  this  water.  Tha  raaaltiag  anhydrous  gyp ana  la  oallad  anhydrits.  Va 
atndlad  tha  affaot  of  thla  lost  of  vatar  apoa  tha  optlaal  ooastaata.  Tha  psllst  aiapli  an  praparad 
f ros  gyp ana  aa  daaorlhad  la  tha  previous  aaotloa.  It  was  thaa  aapoaad  to  aaoaaa  for  a  number  of 
days  whloh  produced  a  smrfaoe  aaydrlta  layer  which  ratalaad  Boat  of  the  aarfaoa  finish  qaallty  of 
tha  original  gypana  pallet.  Tha  raflaotaaoa  of  this  pallet  ia  shorn  aa  Pig.  14.  Data  froa  Quarry 
ware  aot  available  for  this  saaqple  so  tha  optlaal  constants  ohtalaad  by  Eramara-fronig  transform  of 
onr  raflaotaaoa  spaotraa  froa  20  to  400  oa-1.  The  real  and  iaagiaary  parta  of  tha  dielectric 
fono t ion  are  shown  in  Fig.  14.  Note  the  oonaidarabla  diffsranoaa  between  tha  spectra  of  the 
hydrated  and  aahydroas  gyp ins.  Tha  ease  with  which  gypsaa  loaea  it  a  water  of  hydration  snggesta  that 
an  aerosol  formed  in  a  low  haaidity  atmosphere  woald  probably  oonaist  of  a  mixture  of  hydrated 
gypsnm  partiolaa  and  particles  of  gypsaa  that  had  lost  varions  amount*  of  water. 

Vhen  limonite  loses  its  water  of  hydration,  it  beoomes  hematite.  Tha  apeotra  of  these  two 
materials  have  already  been  discussed  above. 

IV.  COMMENTS  ON  ERANB&S-EMN1G  ANALYSIS 

One  of  the  difficulties  with  the  Eraaers-Eronlg  analysis  is  the  need  for  data  over  a  large 
frequenoy  range.  Typically  one  needs  to  make  a  'wing  correction'  to  fill  in  the  regions  of  the 
spaotraa  where  one  has  no  measurement*  available.  A  nnmbar  of  methods  have  boon  developed  for 
making  wing  oorraotlona.  but  all  such  approximation*  have  difficulty  if  strong  absorptions  exist  In 
tba  spaotral  region  where  measurement*  have  aot  been  made.  A*  a  result,  any  wing  correction  Is 
doubtful  at  beat  unless  some  information  is  known  about  the  resonance.  The  best  method  is  to  use 
nasr-inf raved  data  made  available  by  Dr.  Quarry  of  U.M.E.C..  Pigure  Id  presents  tha  optioal 
constant*  n  and  k  for  gypsum  in  the  C  -  400  on-1  spaotral  rang*  in  three  forms  first  U.M.R.,  second 
D.M.E.C.  and  finally  the  combined  sat.  The  aain  differences  are  located  at  the  edge  of  the  data 
sets.  Notice  that  the  affaot  of  the  D.M.&.  date  is  to  basically  extend  the  D.M.E.C.  dats  set  snd 
improve  tha  resolution  below  400  cm-1. 

This  example  indicates  how  important  it  1*  to  have  dats  over  *  very  wide  frequency  range  such 
as  that  covered  by  the  ooafeiastion  of  the  Dniverslty  of  Mlssouri-Rolla  snd  University  of 


AY 


.ytV  £ : 


172 


'  rvwvv 


Nittocr  i-Kanaas  City. 

V.  KAOLIN  AN)  WONTMORI LLONITE 

3  2 

At  last  year'*  CSL  conference,  Querry  and  we  raportad  the  optioal  constant*  of  kaolin  and 
nontnoril Ionite,  but  at  that  tine  we  did  not  have  the  Kraners-Kronlg  analyela  available  for  the 
oonbined  data  aeta.  Va  hare  now  dona  thia.  Kaolin  ia  a  aoft  aaterial  whiek  prateaa  into  pallata 
with  a  good  tnrfaoe  finiah.  The  indas  of  refraotion  of  Kaolin  (son  20  to  4000  on  *  obtained  from 
the  Kranere-Kronig  aaalyait  of  tba  oonbined  Holla  and  Kanaaa  City  refleotanoa  data  ia  shown  in  Pig. 

17.  Cbenioally  pnra  Kaolin  wee  alao  neaanred  bnt  ahowad  no  aignlfioant  diffarenoea  from  tba 
naturally  ooooring  notarial.  X-ray  diffraction  and  n-ray  flnoreeeanoe  indieatad  tba  naturally 

v 

oocnring  naterial  waa  90%  kaolinite.  5%  nusoovita,  and  S%  quartz. 

Tba  indos  of  refraotion  of  a  praaead  pellet  of  nontnor  11  Ionite  ia  ebown  in  Pig.  It.  X-ray  1 2 3 4 
diffraction  and  x-ray  flnoreaoenoa  naaanrananta  indieatad  tba  following  conpoaltion  for  tbla  naturally 
ooooring  notarial: montmor 11 Ionite  80%,  quartz  20%. 

VI .  FUTURE  WORK 

Currently  va  are  naaanrlng  praaead  pallata  of  a  number  of  additional  ninarala.  Meaanraaent* 
will  also  be  extended  to  longer  wavelengtbe  nalng  a  liquid-helium  oooled  deteotor.  Thia  work  will 
continne  to  be  done  in  cooperation  with  Dr.  Qnerry  ao  that  advantage*  of  the  axtrenaly  wide  apeotral 
range  will  be  available. 

VII.  8UNMART 

Optioal  oonetanta  have  bean  neaanred  for  a  n unbar  of  naturally  ooooring  ninarala.  Tba  affaot 
of  lose  of  tbe  water  of  hydration  baa  been  atudlad.  Tba  effect*  of  aurfaoa  roughs***  upon 
reflectance  neaaureaent*  ha*  been  determined  and  found  to  be  negligible  in  our  apectral  region.  Tba 
importance  of  having  neaauranenta  over  a*  wide  a  apeotral  range  a*  possible  1*  emphasized.  Tbla 
work  ia  being  prepared  for  publication  in  the  near  future. 
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ABSTKACT 

Optioal  ooaataata  la  tka  PIft.  ambaaX.  aad  aak  have  been  atadiad  for  graphite  aad  fifteea  aotala:  hi. 

Cr,  Co,  Cm,  Am,  Fa.  Mo.  Pb.  Ni,  Pd.  Pt,  Ag,  Ti,  V,  aad  V.  Special  attoatioa  hae  baoa  paid  to  Pa  aad 

graphite.  Tha  optioal  propartlaa  of  Fa  arc  wall  deeoribed  by  the  free  alaotroa  Drmde  modal  with  tha 

aeattar lag  fraqmaaoy  m  •  147  «a  ^  aad  tha  plaaaa  freqaoaey  *  ■  3.29  x  10*  oa  *.  Thoaa  walaoa  yield 

"  P 

the  optioal  roeiatiwity  p  -  S.15  x  10  6  0  oa  .  Tha  optioal  propartlaa  of  a  praaaad  pallet  of 

op* 

graphite  are  doaiaated  la  thaaa  apaotral  raagea  by  aa  ovardaaped  haxaoaio  oaolllator  aad  wirtaally  no 
19  -3 

free  oarriara  N  <  10  oa  Tha  raaoaaaoa  fraqmaaoy.  for  thia  owardaapad  oaolllator  la  about  99.5 

oa  1  with  a  daapiag  fraqmaaoy  T  ■  70S  oa  a  high  fraqmaaoy 

diolaotrio  ooaatamt  *m  •  49.8  aad  aa  oaolllator  atraagth  6a  ■  3.04  x  10*.  A  maw  teohaiqme  maiag  the 
firat  derivative*  with  raapaot  to  fraqmaaoy.  ».  of  either  ^  or  c^  haa  baaa  Introduced  for  tha 
dieleotrio  function  a  -  a,  ♦  la..  Ia  thia  taohalqaa  if  only  -a,  we.  a  ia  known  experimentally  (or  only 
ij  wa.  m  ia  known),  one  oan  obtain  both  Drmde  model  parameter*  and  *r^  in  both  oaaaa  at  all 

fraqmamoiaa  for  whloh  the  Drmda  modal  appliaa. 
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I.  Introduction 


V«  «»•  nk*d  to  Minn  tko  optical  const  tat*  of  P*  and  graphite  in  the  tabmi  aid  nmX  rangaa.  In 
order  to  design  experiments,  to  interpret  and  prediet  resalts.  and  to  understand  the  optioal  propertlea, 
we  had  to  inoiade  other  mstals  in  onr  general  stadiea.  New  data  interpolation  techniques  had  to  he 
developed  to  enooth  experimental  data  for  farther  analysis.  In  the  ease  of  graphite,  lattice  effeote  in 
the  form  of  an  overdamped  harwonio  oaoillator  are  introduced. 

1  2 

The  optioal  properties  of  Fa  found  in  the  open  literature  vary  considerably.  '  In  the  submaX  and 

nmX  ranges,  the  reflectance  of  netala  is  generally  over  99  percent  asking  siaple  reflectance  or 

transmission  ssperiaeuts  sxtreaely  difficult.  This  has  forced  ns  to  rscoasider  known,  aore  elaborate, 

3 

experinental  techniques  and  to  design  new  experiaentsl  approaches.  Above  about  10  wavenumbers  band 

2 

ef foots  bsooae  important  for  most  aetsla. 

Oraphits  has  lower  reflectances  at  thess  frequencies  and  so  direct  reflectance  measurements  have 
been  made.  However,  the  measured  optical  properties  have  forced  the  introduction  of  phonon  or  lattice 
effects*  which  dominate  in  ths  sc  bam?,  range  and  in  a  good  part  of  the  amX  range. 

To  use  updated  experimental  stadias,  va  utilise  the  visible,  IK,  sad  Pit  iron  data  of  Quarry4  and 
our  subnmX  and  muX  date  for  graphite.  We  believe  earlier  Fe  data1  should  be  replaced  with  the  reaults 
of  Quarry's  recant  experiments. 

For  free  eleatron  dominated  metals*  7  a  is  negativo  wbenover  «  <  •  ,  as  is  the  case  for  all 

i  r  p 

metals  studied  so  far  at  the  lo«  treqnenclca.  For  lsttioe  dominated  materials*  such  as  graphite  one 
finds  ij  )  0  i*  the  submmX  and  at  least  in  most  of  the  nmX  range.  In  the  wavenumber  range  w  <  2  om 
free  electron  effects  may  again  dominate  yielding  overall  negative  *j'a  for  graphite. 

In  this  article  all  frequencies  are  in  wavenumbers,  and  all  resistivities  are  in  Ohm  om. 

Everything  else  is  in  cgs  units. 
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CtiliutlM  of  IK  Literature 


The  baele  equation*  needed  for  th<  uilitii  of  the  open  lltorature  data  begin  with  tha  general 


def laltioaa 


a  •  a,  ♦  la,  ■  n  2  •  (n+lk)^  "  (n^-k^)  +  i(2nk)  (1) 

o  1  2  c 


where  a  la  tha  eomplex  dieleotrlo  function,  and  n  la  tha  oonplex  Index  of  refraotion. 

0  C 

5-7  g 

For  the  frt©  ©l©etron  wodel  with  an  added  daaped  haraocio  otoillator  ino laded*  the  dieleotrio 
functions  bee on© 

m2/J  (6a)  (1  - 

-  -*rb  *  - — <’* 


[1  -  .»/.*  ]  .  fr2  ] 


«  /(*>  w) 


(6a)  (  m/m^) 

I  1 


>  *  fr]  [*  -  ‘2'4]  *  [  **  A4J 


where  *  la  the  free  eleotron  ecatterlng  frequency,  »  la  the  free  elcetron 
x  P 

plaena  frequency,  (6e)  ■  ( *q  -  tm) .  aQ  it  the  low  frequency  dielectric  function,  *m  it  the  high  frequency 
dielectric  eonatant,  T  it 

the  doping  frequency  for  the  damped  otoillator,  and  14^  it  the  tranaverae  optical  frequeney  or  reionant 
frequenoy . 

At  frequenclea  auoh  that  the  Crude  model  it  valid,  one  may  obtain  both  and  at  a  given 
frequency  to  from* 

**  *2 

m  -  , - -  (4) 

t  1  -  a. 


u2  m  (1  -  e, )  (t*2  ♦  0^), 
p  it 


At  low  frequencies  it  is  well  known  that 


p  60 

g  M  — - — 

2  to  10  to  p  (Ohn  cm) 

t  opt 


*r<  v«(  * 


A|  as  ixwflii  it  mid  Qiitty'i  Pi  data4  and  applied  Eq».  (4)  ted  (5)  to  obtain  tnd  u^.  With 

m  -  147  on-1  and  «  «  3.29  x  104  on™1  for  r«,  ve  extrapolated  -tj  and  e2  into  the  subtimX  and  tsnX 
t  P 

raaset  m  eta  be  tees  la  Fig.  1.  Querry'e  reflection  data.  Fig.  2  wa*  analysed  naiag  the  Kraaert-Cronig 
relation**'*®  to  yield  either  n  and  k  vs.  a  a*  ahown  in  Fig.  3  or  -tj  and  »2  at  *how®  in  Fig.  1.  Uaing 
Bq.  (4)  w*  obtained  p  -  8.15  x  10-S  Oha  oa. 

For  another  exaaple  froa  the  open  literature.  *«  show  a  aiailar  aet  of  data  for  An  in  Fig.  4.  The 

refleotanoe  data  had  been  analysed  by  other*  to  obtain  -ij  and  *2  v*.  »  in  the  literature.  We  fit  the 

2 

data  nalng  Eqs.  (4)  and  (5).  One  see*  lint  both  aateriala  have  high  frequency  band  problem*  ,  but  a*  *> 

decreaaas  they  behave  like  free  eleotron  doalaated  aetal*.  For  the  An.  we  obtained  “  215  oa  •  mp  m 

7.28  s  104  on™1  and  p  -  2.4?  x  1C_<  Oha  ca. 
opt 

We  have  atudled  aany  aetal*  t  9  obtain  a  feel  for  the  Drude  aodel  paraaetera  m  and  p^.  We 
have  done  the  analyses  as  we  did  for  Fe  and  have  obtained  the  result*  for  15  aetal*  given  in  Table  1. 

For  comparison  o  and  p,fl  are  given  for  osch  aetal  along  with  m ^  and  ta^.  Experience  hat  taught  u* 
that  the  Drude  aodel  doe*  well  at  low  frequencies  -  even  better  than  generally  thought.  The  trend  i» 

that  new  aore  pteoise  optical  data  cone  oloser  to  the  prediction*  of  the  aodel  ba*ed  on  pJc  in  Eq.  (6) 

than  prevlonaly  found.  On  occasion  it  aeeaa  that  tone  values  of  should  be  reaeasnred. 

Figure*  5a  and  5b  show  the  value*  of  p  and  p-o  (given  in  Table  1)  plotted  against  one  another. 
All  of  the  good  conductor*  follow  the  Crude  aodel  quite  well  at  can  be  seen  in  Fi*.  3a.  However,  only  a 
few  of  the  higher  re»i*tivity  aetal*  exhibit  good  agreeaent  with  the  Crude  model.  It  could  be  that  bot’j 
better  IK  and/or  reslativity  aeasureaent*  should  be  Made. 


In  studying  the  optical  propertio*  of  aetal*  one  need*  to  know  which  bolk  and  thin  effect*  are 

doainant  in  given  frequency  and  teaperature  range*.  Ia  the  aetal  obeying  the  rules  for  the  classical. 

relaxation,  transaiaalon.  anon* lone  skin  effect,  or  anoaaloua  reflection  regions?5  7  To  grapple  with 

7.12 


the  problea  on*  prepare*  a ^  va.  a  plot*  (callod  C*»iair-Wooten  diagram)  for  each  aetal."'"  The 

boundaries  between  the  region*  for  Fe  at  rooa  teaperature  are  shown  in  Fig.  6.  Wo  used  *  147  ca 

a  -  3.29  x  104 
P 


-1 


o.-1 

and 

the  parameter  X  ■ 

14.4  ca  1  froa 

[!e-‘ 

u 

-i3*!  2] 1/3 

a5/3  -  4.249  x 

12x0. 

1  p 

1.  2  2  j 

80  e  a 

P 

in"7  5/3 
10  a 

P 


(7) 


where  V  1*  the  Feral  velocity.13  Quarry's  F*  Drude-lik*  data  i*  represented  by  the  solid  horitontal 
bar  at  a  -  147  oa-1.  The  dashed  line  ia  also  hi*  data  but  is  in  a  non-Drude-like  regiae  at  »  >  8C0  ca 
due  to  band  effect*.2  The  aqulggl**7  in  each  region  illustrate  a  aultiply  scattered  electron'*  path  a* 
it  soattera  froa  the  surface  and  other  targets  (anoh  as  phonons,  other  electrons,  defects,  etc.)  in  * 
high  frequency  radiation  field.  The  aetal  *nrfaee  (represented  by  the  vertical  *olid  line)  hat  photons 
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incident  froa  the  left.  The  vertical  dashed  lice  is  st  the  ekia  depth  froa  the  surfaoe.  Of  coarse,  the 
scstteriag  is  a  faaetloa  of  both  the  scattering  frequency  and  the  frequency  of  the  radiation.  A  good 
reference  ia  foot an' a  book  .  bnt  one  notes  his  a  is  la  radians  per  second  i.e.,  a  "  2nv  (with  v  in  Hs) 
and  his  X  is  in  seconds.  That  is,  Tooten's  t  and  onr  «*T  are  related  by  the  expression  x  -  l/Onca^). 
•here  a^  is  ia  •svennabers  and  c  “  S  x  10*^  oa/ieo. 


III.  Slopes  and  the  Drnde  Model 

5-7 

In  the  snbaaX  and  asl  ranges,  one  is  dealing  with  a  t«o  paraaeter  (•  and  s  )  theory.  Often  an 

f  P 

esperiaent  will  yield  s^  and  not  -s^  or  vies  versa.  If  the  data  follows  the  Drnde  aodel,  the  slopes  of 
s_  vs.  a  (or  -a.  vs.  a)  can  be  need  with  e.  (or  -a.)  to  obtain  both  a  and  a  and  thns  -a,  (or  a.). 

2  A  21  k  p  12 

Taking  derivetivea  yields  the  erect  Drnde  aodel  results  if  one  only  knows  s ^  and  wants  s^: 

D  “  -a  d  ( ln( «2> ) /da  (8) 

which  gives  the  esaot  resnlts  (at  all  Drnde  valid  frequencies)  of: 

1/2 

a^  -  a  [(3-D)/(D-l)r'‘t  (*) 


and 


1/2 

a  •  Ie,a  a  (1  ♦  a*/a  *)1 
P  2  1  X 


(10) 


Note  that  there  are  staple  integral  Units  (1,2.3)  on  D: 


a*  <<  a*  — >  D-l 

T 

a  “  a  — >  D"2 
x 

a*  >>  a*  — >  D-3 
x 


(11) 


If  one  only  has  e^  he  can  obtain  *j  using  these  exact  equations  froa  the  Drnde  nodel: 


E  -  -a  d  [  ln(l  -  el)  1/da 


(12) 
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klsb  ill 


it  reaulta  (at  all  Drade  valid  frequenoie*)  of 


(  <?-B)/E 


«  m  (  <1-*,  >»*  (  l+u*/w*  ]  } 

p  XX  X 


with  Integer  (0,  1,  2)  Haiti  i*  E: 


,*  <<  «^*  — >  E-0 

a*  *  n  — >  E-l 


•»  >)  —  >  E-2 


Tha  aagaitude  o'  D  or  E  Indlcatee  whether  or  not  the  or  « ^  data  ia  above  or  balow  the  croaeover 
frequency  for  ^  equal  e^  found  it  •  ■  »t  l, a.,  the  boundary  between  the  elaaiieal  and  relaxation 
regi  a*.  If  D  and  B  aa  calculated  era  outalda  their  range*  oil  i  D  i  3  or  0  1  E  1  2,  the  natal  i*  not 

Druda-lika  at  that  fraqoancy.  In  faot,  the  range*  on  D  and  E  can  eoaetinaa  be  need  to  check  whether  or 

not  t  natal  i*  Prude- like  at  tone  fraqoancy.  If  tha  natal  ia  Drude-llk*,  one  oan  ascertain  at  a  given  a 
whether  «  <  ■  w„  <  t»  or  w  ~  a.  That  1*.  the  natal  i*  in  the  claaaio  region  (»  <  w  )  If  1  i  D  i  2 

X  «  X  X 

a»d  0  i  B  5  1  or  it  i*  in  the  relaxation  region  (to  >  if  2  i  D  i  3  and  1  1  E  1  2.  If  tha  aaapla  la 

net  Droda-lika  the  coapnteJ  .  t  tad  E'l  can  fall  ootiide  of  their  unga*  of  1  to  3  for  D  and  0  to  2  for 

E.  Fcr  calcolatlon*  of  other  aorta  it  ia  lntaraating  to  not*  that 

D  -  E  ♦  1  (Id) 


at  ail  BacJa-H*1.*  frvquaiiot**.  In  practice  we  ef ten  eewov;.  tfcv  data  before  taking  d»riwatiw**,  and  wa 
hoa 'j  tki  f rvqewnuy  iatervalk  anal  2, 

In  UMt  2  to  the  »lop*  oathod,  an  teg  Pe  a*  as  exuaple,  «e  evaluated  the  -  v*  so  data 

to  vhieta  tha  m  ‘t  tod  t>  'a  iu  the  fj-/a:  4*o  colsuas.  l.thiwtaa,  »al»ly  with  #*  vc  «  date.  »f  obtained 
*  f  * 

thv  raaalt*  In  the  Hat  two  coleant.  Tjjo «*  noiaber*  at*  to  be  compared  to  m  141  c»  *  and  * 

3.29x10*  oa  1  found  with  tha  fitting  of  thi  ooapiett  IK  uaiag  Bqi  .  (4)  and  (S',.  Per 

dotarniaiag  «  tha  alopa  aathod  aalag  -t,  yield*  the  beat  wataaa.  Tha  beet  raaalt*  for  a  would  coma 
■  i  P 


froa  awaragiag  tha  wal»aa  t<nu\  ia  both  alopa  setbede. 
la  Table  I  for  flfteea  a  <  *****  wa  conp> 


«»  »  l-t»  ' ’ii  by  the  alopa  netkod  need  oa  a^  we 


m  data.  Bqa.  (I)  and  (10),  wit1  roe#  found  hy  'ho  »  * 


•  Me  t) 


1,2,19 


IV.  ViU|  htfut  Eleotroaaguatic  h«»  to  Obtain 

If  on#  aaataras  In  on  tki  1/a  intensity  propagation  distance,  L  ,  of  tnrfaoa  alaotronagnatio 
17"20  3 

waves  (SEW)  for  frequencies  below  about  10  wavenuafcera,  ha  oan  obtain  the  SB!  resistivities,  p^ 

In  0  an  froa 


30 


SEW 


(17) 


«  Lt  a 


3  -1 

Tha  propagation  dlatanoaa  near  10  aa  are  of  the  order  of  1  on  for  good  conductors  and  of  2  to  5  an 

20-22 

for  poorer  oondnotors  anoh  as  transition  aatals.  Aa  a  la  lowered  tha  propagation  distances 

17  -1 

inoreaaa  and  aa  «  approaches  100  on  ,  one  nay  have  the  beat  way  to  obtain  low  frequency 

3  -1  17 

resistivities.  Since  Bq.  (17)  holds  froa  10  an  to  do  ,  one  ia  not  concerned  where  w  •  and  with 
other  approriaationa. 


In  Table  4  the  reeults  of  analysing  SEW  propagation  dlstanoes  for  aany  nets  Is  to  obtain  Pggy  are 


These  resulta  are  ooapared  with  p _ froa  fitting  IR  data  and  p .  froa  handbooks 

opt  flC 


11 


The 


agreeaents  era  not  particularly  good,  hat  we  feel  better  raises  of  can  be  aensured  on  wore  fully 
characterised  aetal  saaples. 


V.  Not  Os  lag  Thermal  Methods 

Studies  of  about  20  aetals  hare  shown  that  thermal  data,  such  as  eieotronie  heat  capacities,  etc.. 

are  of  limited  value  to  eetiaate  the  optiosl  eoaetants  of  aetals  at  subaak  and  aaX.  Using  electronic 

13 

heat  eapaoity  coefficients,  Ball  coefficients,  Rg  snd  Pg0'*  facilitate  easy  calculations  of  the 
optioal  constants.  However,  the  results  coapare  well  with  the  IR  based  aeaaureaenta  only  for  the  good 
condue-.ors.  The  complicated  Feral  surfaces  of  many  aetals  ruined  xsny  atteapts  to  find  a  reliable  method 

of  obtaining  an  average  Ball  coefficient.  If  aernae  is  further  istereeted,  he  nay  find  Rg  values  is 

73  24  13  23 

Turd's,  Chlen  «,.<i  Wcetgate's,  end  tiltel'e  books  snd  y  values  trow  Vissoher  and  Fsllcov. 
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VI.  Otipkit*  Doainatod  By  A  Itiouu* 

Ve  have  aeaanred  tki  refleotanos  of  a  Dixon  200-10  graphite^*  pressed  pellet  froa  400  to  3.2  oa  1. 

Froa  the  tIiUIi  range  to  ISO  ea  1  Quarry  baa  aade  reflectance  aeanureaents  on  the  aaae  aaaple  and  onr 

joint  reanlts  are  plotted  in  Fig.  7.  The  dashed  line  la  obtained  by  a  Drnde  aodel  fit  to  the  data 

11  -3 

oalonlated  froa  aainly  handbook  info, -net ion:  p  -  1.373x10  B  oa  ,  p  •  1.80  ga/oa  (aeaanred  by 

do 

na),  the  loweat  valenoe.  V  ■  2  and  M  *  12.01  ga/aole.  These  paraaeteta  yield  ■  3.71x10*  ca  1  and 

m  *  1.27x10*  oa  '  froa  the  well  known  relations 
P 


«p  pdo(Q  0,) 
60 


(18) 


and 


2  Ne 

*  ■  — r” 

P  2 
r  nc  i 


e^VLP 


(19) 


where  L  la  Awogadro's  nnaber.  These  Dmde  reflectance  predictions  look  fine  until  one  nses  Eq.  (19)  to 
23  3 

learn  that  N  “  1.8x10  free  carriers  per  oa  is  estinated.  Snch  a  high  concentration  of  free 

19  -3  27 

carriers  does  not  agree,  even  reaotely.  with  N  ■  2x10  oa  aeaanred  by  Voolf,  at  al  or  as 
28 

related  by  8paln.  Pnrtheraore,  nsing  these  paraaetera  one  obtains  s^  ■  +0.9  whioh  is  a  eery  aaall. 


a  >• 

*  P 


positive  constant  over  the  whole  snbaaX  and  an).  ranges.  These  last  ooaaents  arise  froa  havi 
whioh  in  itself  is  quite  unusual. 

9  10 

On  the  other  hand,  if  one  nses  s  Kroner e-Kronig  analysis  '  of  these  reflectance  data  be  obtains 

♦tj  and  s2  as  presented  in  Fig.  8.  This  data  is  reainiscont  of  an  overdaapsd  harnonlo  oscillator  as 

iven  for  lattice  or  phonons  efforts  in  Eqe.  (2)  and  (3)  and  not  of  large  free  carrier  concentrations. 

3  -1 

The  best  eyeball  fits  to  these  data  ooae  froa  sa  ■  49.8,  8s  •  3.04x10  ,  s^  “  99.3  oa  ,  and  T  *  703 

oa  *.  (A  good  fit  requires  the  three  significant  figures,  bat  the  original  reflectsnoe  data  dees  not 

3  29  3 

warrant  snoh  aoonraoy.)  Using  oar  papers  '  on  electron-phonon  Interactione  and  both  bulk  and  surface 

29  19  -3  27 

effects  ,  we  plaoe  an  nppsr  liait  on  N  of  abont  10  oa  whioh  it  about  what  Voolf,  at  al.  found  in 

their  data.  (See  their  paper  for  10  ea  long  and  33  pa  disaster  graphite  fibers  produoed  frow  benxene 

ooapoaade . ) 

In  Fig.  9  the  H|j  and  s^  data  of  Fig.  8  is  rs-introduocd  to  show  that  the  lfrude  aodel  can  be  very 

aialeadiag  if  not  exanined  in  different  aspecte  at  we  have  done.  In  Fig.  9,  one  sees  that  the  high 

frequency  values  of  Sj  are  very  well  estinated  by  the  Drode  aodrl,  so-cuoh-so,  that  the  Drnde  aodel  does 
better  then  the  ovstd^apid  o  in, lit  tor  node)  of  Fig.  I.  However,  at  low  frequencies  the  Dmde  aodel 
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obviously  does  not  predict  ths  peak  In  «2-  The  no it  tailing  defects  of  tha  Drude-handbook  pradiotlona 
are  tha  a,  Talnaa.  Since  tha  experiaental  data  ahav  a,  >>a,  H  .  and  that  thora  la  a  large  dip  near 

1  If  izp  If  uniat 

300  on  1  which  it  not  In  the  free  carrier  nodal,  one  haa  to  abandon  any  nodal  whloh  la  donlnatad  by  free 
carrlera  for  graphite  In  the  enbnnX  and  In  at  leaat  noat  of  tha  esaX  range.  In  thla  wlaw  one  night 
oonjeoture  that  band  effaots  are  Inportant  In  graphlto  for  n  >  400  cn  1  and  that  oonld  aooonnt  for  the 
dltagreeaenti  between  the  oeclllator  nodal  calculation!  of  s^  and  tha  exparlnantal  data  for  e^  at  the 
higher  frequencies.  There  observations  obviously  rejeet  a  purely  frea-oarrler  donlnatad  nodal  for 
graphite  in  the  aubnnX  and  nnX  rangea. 

A*  one  nakea  nore  measurement  a  in  the  lower  aal  and  cmX  ranges,  it  la  likely  that  free  carrier 

3 

effects  will  appear  in  electron-phonon  interactions.  These  interactions  can  produce  dips  in  tha 
reflectances  both  above  and  below 

For  completeness .  in  Fig.  10  the  values  of  n  and  k  vs  w  are  given  from  tha  Kramers-Cronig  analysla 
of  the  reflectance  of  the  Dixon  200-10  graphite  sample  shown  in  Fig.  7. 

VII.  Puture  Work 

We  need  to  take  more  low  frequency  data  for  Pe  and  graphite.  We  have  developed  our  techniques 
30 

Involving  ordinary  FTS  ,  non-resonant  cavities,  plane  parallel  waveguides,  high  inoidenoe  angle 
reflection,  solid  state  omX  sources31  with  isolators,  and  an  asymmetric  Fourier  trenefom 
spiotroneter.30  These  techniques  will  enable  us  to  extend  our  present  results.  There  are  several  types 
of  graphite  yet  to  be  studied-  subnaX  and  naX  data  are  needed-  and  we  plan  to  uae  LHe  temperature 
deteotora  to  enormously  Increase  our  sensitivity  in  almost  all  of  the  experiments.  We  want  to  oontlnue 
developing  new  measurement  and  data  analysis  techniques. 


187 


VIII.  Si 


*7 

We  have  sorted  the  -a,  sad  l.  date  for  Fa  aad  o one  lode  that  «  ■  147  cm  m  “  3.29x10^  ea  1,  and 

1  *  V  p 

Popt  r  8.13x10  fl  oa  within  the  Drnde  aodel  fraaework.  Oraphlte  behave*  wore  like  an  overdamped 

3 

haraonlo  oscillator  with  very  few  free  oarriers  with  oscillator  valnes  of  ta  -  49.8.  &s  -  3.04x10  . 

"  99.3  oa  and  T  •  70S  oa  * .  The  coabined  electron-phonon  effeots'  await  aore  mmX  and  oaX 

studies.  Many  aetals  obey  the  Drude  aodel,  even  aore  than  aoaetiaes  expected.  It  is  reooaaended  that  do 

aeasnreaent*  of  the  resistivity  of  each  taaple  be  Bade  whenever  possible. 

Ve  have  tone  beyond  the  requests  for  Fe  and  graphite  data  and  have  determined  value*  of  w  ,  m  and 

T  P 

P _ .  for  fifteen  aetala.  These  result*  ara  in  Table 

opt. 

New  data  analyal*  techniques  have  been  developed  by  us  using  the  slope*  of  dleleetrio  function  v*  « 
data  to  obtain  and  when  only  s^  i*  known  and  not  *j  (and  vice  versa).  Ve  studied  SEW  and  thermal 
technique*  to  obtain  optical  constant*  and  conclude  that  there  ic  prouiae  in  the  SEW  technique  but  not 
the  thermal  approaches  for  most  metal*. 

Ve  have  several  paper*  at  the  writing  stage  to  be  presented  to  refereed  journal*. 
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Fig.  8.  +Sj  and  fro*  *  CX  analyela  of  the  reflectance  data  in  Fig.  7.  The  daabed  line  ta  the  eyeball 

fit  to  the  data  nalng  an  overdaarpsd  hanaoolo  oacillator  eodel  in  K40,  (2)  and  (3)  with  a£  free 


carrier  contribution. 


Wavenumber, w  (cm  ) 


Fi|.  9.  ij  and  a^  rs  m  for  the  Dixon  200-10  graphltt  saapls.  Tba  laootb  oorva*  war#  obtainad  froa  tha  H 
analysis  of  tba  rsfleotanoe  ▼»  m  data.  The  daahad  liaa  aaanaee  the  handbook  baaed  ooapatationa 
of  ■  3.71*10  n»  and  ■  1.27*10*  oa  Thia  graph  ehova  the  good,  fortsltona  fit  to  the 
»2  data  for  thla  graphite  eaaple.  The  estreaaly  poor,  noa-aiistent  fit  to  tba  data  (the 
constant,  computational  curve  Is  off  the  graph  at  the  bottom)  Is  obvious. 


"able  l.  Summary  of  IR  Fit  Results 


\  s 


Method 


IR  Fit 
S 


able  IV.  comparison  of  handbook  resistivities  with  resistivities 
calculated  from  the  SEW,  and  IR  Fit  results. 


Metal 

Wavenumber 

( cm* ' ) 

Propagation 

Length  (cm) 

Resistivity  Uid  cm) 

. «  _  b  _c 

f>  P  .  P  . 

i  «  u  opt  a c 

A1 

1080 

0 . 75 

11 

2.8 

2.7 

A1 

1080 

1  . 1 

7.4 

2.8 

2.7 

A1 

945 

0 . 65 

15 

2 . 8 

2.7 

A1 

945 

1  .  25 

8.6 

2.8 

2 . 7 

Cr 

945 

0. 1 

110 

36 

13 

Cr 

945 

0 . 075 

140 

36 

13 

Cu 

1080 

0 .92 

8 . 9 

1 . 3 

1.7 

Cu 

1080 

1  .  85 

4.4 

1.3 

1.7 

Cu 

1000 

2.6 

3.7 

1 . 3 

1.7 

Cu 

945 

1.6 

6.7 

1.3 

1.7 

Cu 

945 

0 . 74 

14 

1 . 3 

1.7 

Cu 

945 

1  .  25 

3.6 

1.3 

1.7 

Cu 

945 

2.4 

4.5 

1.3 

1.7 

Au 

1080 

1 . 25 

6 . 6 

2.4 

2.2 

Au 

945 

C.  3 

36 

2 . 4 

2.2 

Au 

945 

1  .  72 

6 . 2 

2.4 

2.2 

Au 

945 

0 . 5 

21 

2 . 4 

2  .  2 

Fe 

945 

0.12 

89 

8.2 

9.0 

.  .  8.8 


V  -.H 
-1 

v  -m4 


In 


945 


0 . 24 


45 


VV 


'able  IV  (continued)  .  Comparison  of  handbook  resistivities 


with  resistivities  calculated  free,  the 
SEW,  and  IP.  Fit  results. 


Metal 

Wavenumber 

Propagation 

Resist iv 

ity  ( 

1 -Ci  cr.; 

; cm-' ) 

Length  (cm) 

o  x 

t  9  U 

op: 

P4  = 

Mo 

1080 

0.53 

14 

7.6 

5 . 3 

Mo 

945 

0.78 

14 

7.6 

5.3 

Ki 

1000 

0.35 

2  7 

14 

7.0 

Pd 

1000 

0.13 

42 

3.8 

11 

Pt 

1000 

0  37 

26 

13 

10 

Ag 

1080 

1 . 5 

5.5 

1 . 7 

1  .  6 

Ag 

345 

2  .  C 

5 . 4 

i  .  7 

1 . 6 

Ag 

945 

0.5 

21 

*-  .  ? 

1  .  6 

T< 

-  **  ^ 

■  «• 

V.  .  -  V 

71 

3  3- 

4  3 

- 

:  7  *  o 

0. 4  1 

:  ; 

5  . 

SS  ?0, 

-■  1 

if 

,  .  : 

7  2 

l£:os  T 

-.'ole  IV  ir  refe 

rence  ' 6  ]  . 

b Values 

of  c  r riVen 

-  ?  * 

from  Table  I 

It.  reference  ■ 

15?  . 

Mat  22 

degrees  C)  taken  from  pages 

0-39  ar.d 

9-  40 

of 

the  a: 

P  Handbook,  3rd 

ed . ,  McGraw - 

Hill  (197 

2)  • 

*Not  listed  In  Table  I  of  reference  r15). 
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FAR-INFRARED  EXTINCTION  PROPERTIES  OF  METAL  POWDERS 

V.  P.  Tomaselli 
K.  D.  Moeller 

Fairleigh  Dickinson  University 
Physics  Research  Laboratory 
Hackensack,  N.J.  07601 

ABSTRACT 

We  describe  the  results  of  extinction  measurements  made  on  dispersed  metal 
powders.  These  results  are  a  continuation  of  previously  reported  studies. 

Data  for  copper  spheres  and  bronze  flakes  are  presented  and  compared.  The 
wavelength  range  covered  in  these  measurements  is  from  10  to  125  micrometers. 

DISCUSSION 

The  extinction  coefficient  for  metal  powders  dispersed  in  a  transparent 
polyethylene  matrix  has  been  determined  using  transmission  measurements.* 

Data  obtained  from  three  instruments  are  used  to  characterize  the  powders:  a 
grating  spectrophotometer  for  the  infrared  region,  a  Fourier  transform 
spectrometer  for  the  far-infrared  region,  and  a  C02  laser-based  photometer  system 
operating  at  10.6  micrometers.  The  laser-based  apparatus  was  incorporated  to 
study  sample  aiscs  having  high  concentrations  of  powder,  and  thus  low 
transmittance. 

The  objectives  sought  in  this  series  of  measurements  is  to  investigate  the 
effect  of  (a)  wavelength,  (b)  particle  size  and  shape,  (c)  particle 
concentration,  and  (d)  powder  composition  on  the  measured  optical  properties. 

*  For  a  discussion  of  the  sample  preparation  technique  and  experimental  method,  6ee 

"Infrared  Study  of  Metal  Powder  Extinction  Properties",  V.  P.  Tomaselli  and  K.  D. 

Moeller,  Proc.  1982  CSL  Conference  on  Obscuration  and  Aerosol  Research,  p.153 
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In  T-ble  I,  we  list  the  physical  character istics  of  the  metal  powders  under 
consideration  for  this  series  of  experiments.  All  powders  were  obtained  from 
commercial  sources  and  were  used  without  any  subsequent  modification  or 
treatment.  As  can  be  seen  from  Table  I,  powders  with  a  reasonable  range  of 
physical  characteristics  are  available  commercially.  However,  the  fabrication  of 
controlled,  "custom-made"  particles  should  be  considered  as  the  next  step  in  this 
project . 


TABLE  I 

Physic'  Properties  of  Metal  Powders  Studied 


Type 

Name 

Shape 

Size 

Apparent  Density 

Copper 

200-0 

Flake 

“v  4  4  y 

0.5  g/cc 

R-9427 

Flake 

s  44  u 

1.41 

P-9428 

Flake 

^  30  u 

0.52 

Leico 

Spheres 

1-5  u 

Bronze 

Pale  Gold 

Flake 

3-5  » 

(90%  Cu/ 10%  Zn) 

Measurement  error  and  reproducibility  effects  continue  to  be  a  significant 
part  of  this  project.  Figure  1  presents  seme  typical  results  of  errors  introduced 
by  data  scatter  in  transmittance  measurements  (upper  plot)  and  fluctuation  in 
data  resulting  from  repeated  trials  on  the  same  series  of  samples  (lower  plot). 
These  results  were  obtained  for  a  bronze  powder  at  a  concentration  of  1%  by 
weight,  but  similar  behavior  was  observed  for  other  powders  as  well. 
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In  Figures  2  and  3,  we  show  the  wavelength-dependence  of  the  absorption 
coefficient  for  a  bronze  powder  and  a  series  of  copper  powders,  respectively.  The 
Pale  Gold  1400  graph  includes  data  at  four  concentrations  ranging  from  0.1%  to 
1.0%.  The  quantity  plotted  on  the  vertical  axis,  *  (\)/fw  is  a  weight  fraction 
normalized  absorption  coefficient  expressed  in  units  of  1000  cm-1.  Here  fw  is  the 
weight  fraction  of  metal  powder  dispersed  in  the  transparent  matrix.  Figure  2 
shows  that  the  absorption  decreases  with  increasing  wavelength  for  all  values  of 
fw,  that  good  agreement  between  the  values  obtained  from  the  three  methods  is 
quite  good,  and  that  the  weight-normalized  absorption  coefficient  is  essentially 
independent  of  concentration.  The  data  point  labelled  "C02"  represents  a  value 
obtained  from  the  laser  photometer  method. 

In  Figure  3,  data  for  four  different  copper  powders  is  presented.  All 
powders  are  in  the  form  of  flakes,  but  they  differ  in  their  average  particle  size 
and  apparent  density.  Density  differences  here  are  attributed  to  the  variation  in 
the  thickness  of  the  flake.  The  data  in  Figure  3  shows  that  the  weight  normalized 
absorption  coefficient  is  independent  of  wavelength  in  the  region  investigated, 
nd  has  a  lower  numerical  value  than  does  the  bronze  flake  powder. 

In  Figure  4,  we  have  plotted  the  absorption  coefficient  against  metal 
powder  concentration,  for  two  wavelengths.  There  does  not  appear  to  be  any 
significant  concentration  dependence  for  this  data.  A  listing  of  experimental 
data  for  copper  powders  is  presented  in  Table  II. 

The  decreasing  absorption  from  10y  to  120y  in  Pale  Gold  particles 
suggests  that  we  are  observing  the  tail  of  the  resonance  behavior.  According 
to  elementary  dipole  theory,  the  resonance  should  be  about  two  times  the 
average  particle  size.  The  nearly  flat  shape  of  the  copper  flake  curves 
does  not  support  this  viewpoint.  We  have  undertaken  to  examine  the  behavior 
of  spherical  particles  in  more  detail,  and  other  participants  in  the  Smoke 
Program  are  investigating  cubes.  For  the  next  step  in  this  project,  we  will 


study  "custom-made"  particles  having  exact  dimensions  and  arranged  in  unclustered 
arrays  in  a  known  dielectric  environment.  The  size  of  these  particles  will 
be  chosen  to  produce  an  expected  resonance  in  the  center  of  the  spectral 
region  to  be  studied. 


TABLE  II 

Some  Experimental  Results  for  Copper  Powders 

a( X)/fwxlO“3,cm~1 


Name  Size 

Shape 

lw 

10. On 

33 . 3p 

lOOu 

Leico  l-5u 

Sphere 

.01 

1 

1 

1 

.02 

1 

1 

1 

200-U  -v  44m 

Flake 

.01 

6.7 

7.4 

7.2 

.02 

5.9 

6.5 

_ 

R-9427 

'■-44  m 

Flake 

.001 

0 

1 

1 

.01 

1 

1 

1 

R-9428 

MOw 

Flake 

.001 

3.3 

6.3 

8.5 

.01 

4.8 

5.1 

5.8 

R-9429 

MOW 

Flake 

.001 

4.7 

7.7 

7.3 

.01 

6.5 

6.6 

2.8 
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Figure  1  -  Example  of  error  and  reproducibility  in  measured 
absorption  data. 
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Figure  2  - 


Wavelength  dependence  of  the  weight  normalized 
absorption  coefficient  of  a  bronze  powder.  The 
powder  particles  are  in  the  form  of  flakes.  The 
parameter  fw  is  the  weight  fraction  of  metal  powder 
suspended  in  the  host  medium.  Small  numbers  adjacent 
to  data  points  represent  repeated  values.  Pale  Gold 
1400  is  the  product  name  for  a  bronze  powder  (90% 
copper,  10%  zinc)  supplied  by  Atlantic  Powder  Metals 
(Elizabeth,  NJ) . 
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Figure  3  -  Wavelength  dependence  of  the  weight 
normalized  absorption  coefficient  of 
copper  powders. 
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rigure  4  -  Concentration  dependence  of  weight 
normalized  absorption  coefficient. 


Investigation  of  the  Reaction  between  Single  Aerosol 
Acid  Droplets  and  Ammonia  Gas 
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ABSTRACT 

This  paper  coocerns  the  measurement  of  the  reaction  dynamics  between  single  acid  droplets  and 
aanonia  gas.  This  work  has  been  submitted  for  publication  as  follows: 

G.  Rubel  and  J.  Gentry,  "Investigation  of  the  Reaction  between  Single  Aerosol  Acid  Droplets  and  Ammonia 
Gas",  in  press,  J.  Aerosol  Science,  1984. 

Future  research  will  be  directed  at  measuring  the  reaction  dynamics  in  the  presence  of  monolayers. 

INTRODUCTION 

One  of  the  earlier  investigations  of  the  reaction  between  acid  droplets  and  amnonia  gas  was  con¬ 
ducted  by  Robbins  and  Cadle  (1958),  hereafter  referred  to  as  RC.  Determining  the  aerosol  ammonium  ion 
concentration  as  a  function  of  downstream  distance  in  an  aerosol  flow  reactor,  the  extent  of  reaction 
of  che  aerosol  was  determined  as  a  function  of  particle  site  for  discrete  times-  The  extent  of  reaction 
for  a  fixed  time,  increased  with  decreasing  particle  site  and  the  Initial  reaction  rate  was  governed  by 
a  second  order  surface  phase  reaction.  However,  surface  phase  reaction  models,  with  constant  velocity 
constants,  could  not  predict  the  entire  reaction  history  of  Che  aerosol.  In  general  the  experimental 
reaction  rate  was  signif icsntly  smaller  than  that  predicted  by  a  surface  phase  reaction  model  which 
employed  the  aforementioned  velocity  constant.  Changing  the  aerosol  carrier  gas  from  pure  nitrogen  to 
a  mixture  of  helium  and  nitrogen,  RC  detected  no  measurable  difference  in  the  aerosol  reaction  rate. 
Since  the  aassonia  gas  phase  diffusion  coefficient  was  measurably  disparate  for  the  tvo  carrier  gases,  it 
was  concluded  the  retc  controlling  process  observed  by  RC  during  the  later  stages  of  reaction  was  not 
gas  phase  diffusion  but  internal  particle  diffusion. 

Alto  using  an  aerosol  flow  reactor,  Huntzicker,  Cary  and  Ling  (1980),  hereafter  referred  to  at 
HCL,  studied  the  reaction  between  HjSG^  droplets  end  NH3  gas  for  relative  humidities  between  8  and  SOX. 
The  experiments  were  similar  to  those  of  RC  in  that  the  particle  size  range  of  interest  varied  from 
approximately  0.3  to  1.0  micrometers  in  diameter.  However,  the  NH3  gas  partial  pressure  employed  by  HCL 
wee  approximately  0.1  dyne/cm^,  roughly  two  orders  of  magnitude  lower  than  the  pressures  used  by  RC. 
Furthermore,  ae  opposed  to  the  conclusion  of  RC,  HCL  proposed  that  the  reaction  dynamics  were  controlled 
by  gas  phase  diffuelon  and  internal  particle  diffusion.  HCL  found  no  evidence  of  surface  phase  reaction 
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From  mass  transport  considerations  the  reaction  coefficient,  the  fraction  of  molecules  striking  a  sur¬ 
face  which  react,  was  found  to  increase  with  particle  sice,  varying  froo  0.3  to  0.7  for  particle  dia¬ 
meters  varying  froo  0.3  to  1.2  micrometers . 

It  is  the  intent  of  this  study  to  investigate  the  reaction  dynamics  between  acid  aerosol  droplets 
and  atnnonia  gas.  Understanding  the  role  that  surface  phase  reaction,  gas  phase  diffusion  and  internal 
particle  diffusion  play  in  the  aerosol  reaction  dynamics  will  be  of  central  importance.  A  new  experi¬ 
mental  method  is  employed  to  study  the  aerosol-reaction  dynamics  continuously;  continuous  monitoring 
permits  the  identification  of  transition  poincs  in  the  reaction  history  which  are  associated  with  cata¬ 
strophic  events  such  as  particle  crystallisation.  Such  detailed  information  is  difficult  to  discern 
from  discrete  time  analyses  characteristic  of  aerosol  flow  reactors. 

EXPERIMENTAL  SYSTEM 

The  measurement  of  the  reaction  dynamics  of  single  acid  droplets  in  the  presence  of  NH^  gas  is 
based  on  the  principle  of  electrodynamic  balance  within  a  continuously  mixed  chamber  (Rubel  and  Gentry, 
1984).  A  charged  droplet  is  stabilized  at  the  null  point  of  an  alternating  electric  field  which  is 
established  by  impressing  an  alternating  voltage  across  a  hyperboloidal  electrode.  Changes  in  droplet 
mass  are  determined  by  changes  in  the  direct  current  voltage  required  to  balance  the  droplet  at  the 
focal  point  of  a  35mm  objective.  In  the  present  study,  the  extent  of  reaction,  which  defines  the  rela¬ 
tive  amount  of  reacted  and  unreacted  acid,  is  determined  from  the  increasing  weight-balancing  voltage. 

RESULTS 

Figure  1  depicts  the  reaction  dynamics  measured  in  the  electrodynamic  chamber  for  phosphoric  acid 

droplets  with  diameters  42,  50,  65,  and  72  micrometers,  at  an  external  NN^  partial  pressure  of  400  dynes/ 
2 

cm  .  In  all  cases,  for  the  first  second  of  reaction,  a  rapid  increase  in  the  extent  of  reaction  occurs. 
The  maximum  extent  of  reaction  achieved  during  the  initial  growth  phase  is  relatively  insensitive  to 
particle  size.  Following  the  initial  growth  phase,  a  slower  growth  phase  dominates  and  the  maximum 
extent  of  reaction  achieved  during  the  latter  growch  phase  increases  with  increasing  particle  size. 
Specifically  for  particle  diameters  50,  65,  and  72  micrometers,  the  maximum  extent  of  reaction  is  22Z, 
34X, and  57Z  respectively.  Remarkably  for  the  42  micrometer  droplet,  the  second  growth  phase  is  com¬ 
pletely  inhibited  and  subsequent  internal  particle  diffusion  does  not  occur. 

At  some  characteristic  time,  a  sharp  transition  in  the  reaction  dynamics  occurs  and  the  particle 
reaction  rate  slows  once  more.  Supported  by  visual  observations  that  particle  crystallization  occurs 
just  after  the  onset  of  this  slower  rate  process,  it  is  asserted  that  gas-phase  d i f fus ion- control  led 
particle-reaction  dynamics  are  terminated  once  particle  crystallization  occurs.  The  sharp  transition 
in  the  reaction  dynamics  is  consistent  with  a  catastrophic  event  such  as  particle  crystallization. 
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The  effect  of  the  external  NHj  partial  preaaure  on  the  reaction  dynamic!  ii  shown  in  Figure  2. 

The  maximum  extent  of  reaction  achieved  during  the  second  reaction  phase  decreases  with  increasing 
external  NHj  partial  pressure. 

Figure  2  shows  the  comparison  between  experiment  and  theory  when  the  total  reaction  dynamics  is 
modeled  as  an  initial  surface-phase  reaction  and  a  secondary  gas-phase  diffusion-controlled  process. 

The  value  of  Che  second-order  velocity  constant  k  is  set  equal  to  1.0  X  10^  cm*  mole'*  sec-*  in  agreement 
with  the  findings  of  RC  for  the  l^SO^/NHj  system.  As  is  evident  from  Figure  2,  the  maximum  extent  of 
reaction  achieved  during  the  gas-phase  diffusion-controlled  process  decreases  with  increasing  HR3 
partial  pressure.  Ac  P|(*>)  «  1000  dvnes/cm  the  gas-phase  diffusion-controlled  process  is  short  lived 
and  it  is  expected  with  increasing  NH^  pressure  Che  gas-phase  diffusion  will  completely  vanish.  The 
total  reaction  dynamics  for  these  conditions  appear  as  an  initial  surface  phase  reaction  followed  by  an 
internal  particle  diffusion  controlled  process,  as  was  observed  by  RC.  As  the  NH^  partial  preaaure  is 
reduced,  the  sus-phase  diffusion-controlled  process  becomes  more  prominent  as  was  evidenced  by  HCL. 

REFERENCES 
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FIGURE  I.  REACTION  DYNAMICS  AS  A  FUNCTION  OF  PARTICLE  SIZE. 
With  increasing  particle  site  the  gas  phase  diffusion  (D)  is 
accentuated  and  particle  crystallization  is  delayed. 


IR  EMISSIVE  CLOUD  STUDY 
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ABSTRACT 

The  production  of  an  infrared  emitting  aerosol  requires  an  exothermic  chemical  or  physical 
reaction  to  occur  in  a  cloud  of  suspended  material.  The  effectiveness  of  such  a  system  depends  on  the 
chemical  composition,  size,  shape  and  phase  of  the  particles  involved,  the  chemical  ana  physical 
processes  responsible  for  heat  generation  and  the  dissemination  technique  employed.  During  the  last 
year,  experimental  work  has  continued  to  Investigate  some  of  the  above  facets  of  the  IR  emissive 
cloud  problem.  The  results  of  these  studies  will  be  presented  in  a  Technical  Report  to  be  submitted 
In  October,  1984. 

The  above  study  was  supported  by  the  Chemical  Systems  Laboratory,  Aberdeen  Proving  Ground, 
through  the  U.  S.  Army  Missile  Command,  Red  Stone  Arsenal  under  Contract  No.  DLA900-80-C-2853- 

Other  documentation  of  this  work  may  be  found  In: 

P.  Ase,  R.  Remaly  and  A.  Snelson,  "IR  Emissive  Cloud  Study",  Proceedings  of  the  1983  CSL 

Conference  on  Obscuration  and  Aerosol  Research  p.  185. 

P.  Ase,  R.  Remaly  and  A.  Snelson,  "IR  Emissive  Cloud  Study",  Tactical  Weapon  Guidance 

and  Control  Information  Analysis  Center,  Final  Report  No.  GACIAC  SQAR-83-05,  June,  1983. 

Future  work  Is  expected  to  be  directed  at  Investigation  of  a  new  Infrared  aerosol. 
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ABSTRACT 

The  possibility  of  applying  semi -empirical  models  based  on  the  formulas  of  geometric  optics  to  the 
light  scattered  by  non-spherlcal  particles  has  been  Investlgatea  with  laboratory  experiments.  They 
demonstrated  some  properties  of  the  asymmetry  parameter  that  are  applicable  In  determining  the  Internal 
homogeneity  of  monodlsperse  aerosols.  A  complete  description  of  the  results  Is  given  In: 

A.  Coletti,  1984:  Light  Scattering  by  Nonspherlcal  Particles:  A  Laboratory  Study,  Aerosol.  Scl. 

and  Tech.,  3,  39-52. 

In  the  case  of  aerosol  polydispersions.  Grams,  (1981),  Pollack  and  Cuzzl  (1980)  and  Ackerman  et  a!. 
(1981)  suggested  that  anomalously  low  values  of  asymmetry  parameter  can  be  found  In  nature  as  an  effect 
of  nonsphericity  of  the  particles.  Consequently,  a  study  on  the  radiative  properties  of  the  strato¬ 
spheric  cloud  of  El  Chlchdn  was  Initiated  and  results  wire  reported  In: 

A.  Coletti,  D.J.  Hofmann  and  J.M.  Rosen,  1984:  Radiative  Properties  of  the  Stratospheric  Cloud  of 

the  Eruption  of  El  Chlchdn  at  Visible  Wavelength:  A  Comparison  Between  Balloon-borne  Horizon 

Photography  and  Optical  Counters  (Submitted  to  Jour,  of  Atmos.  Scl.) 

Specific  aspects  of  these  subjects  have  also  been  discussed  during  presentations  at  the  1984  CROC  con¬ 
ference  on  Obscuration  and  Aerosol  Research  (poster  session)  and  at  the  International  Radiation 
Symposium,  Perugia  (Italy),  21-29  August  1984. 

One  of  the  problems  cormonly  encountered  analyzing  experimental  data  of  light  scattering  Is  related 
to  the  fact  that  It  is  practically  Inconvenient  to  take  measurements  for  directions  close  to  the  direc¬ 
tion  of  the  Illuminating  beam  (0andl80°);  therefore,  data  Interpolations  are  sometimes  necessary  In 
the  forward  and  backward  directions  In  order  to  complete  the  data  set. 

In  this  paper  some  preliminary  results  of  numerical  calculations  will  be  discussed.  These  calcu¬ 
lations  *~>re  performed  In  an  attempt  to  establish  general  criteria  to  apply  to  .nterpolatlons  of  light 
scattering  data  for  backward  directions.  At  this  stage,  the  analysis  has  been  carried  out  on  spherical 
particles. 


INTRODUCTION 

In  the  case  of  spherical  particles  the  geometric  optics  approximation  gives  results  comparable  with 
the  Mle  theory  for  values  of  the  size  parameter  x  (»2i:r/\)  of  the  order  of  100  or  1000.  In  the  case  of 
nonspherlcal  particles,  there  are  many  features  In  the  angular  light  scattering  diagram  (phase  function) 
that  practically  disappear  when  averaged  over  the  total  number  of  possible  orientations  of  the  particle 
In  space.  Therefore,  in  some  of  these  cases  semi -empirical  approximations,  based  on  formulas  of 
geometric  optics,  have  been  suggested  and  applied  even  for  very  low  values  of  size  parameters  of  the 
equivalent  volume  sphere.  Since  semi -empirical  approximations  sometimes  fall  to  properly  describe  the 
backward  scattering  (Coletti,  1984),  It  Is  Interesting  to  Investigate  how  the  oscillations  character¬ 
istic  of  the  functions  describing  the  light  scattering  by  spherical  particles,  merge  into  the  smoother 
domain  where  the  formulas  of  the  geometric  optics  are  valid. 
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Mathematically,  the  angular  characteristics  of  light  scattering  can  be  described  by  any  convenient 
set  of  orthogonal  polynomials.  In  particular,  van  de  Hulst  (1980)  In  Fig.  10.5  shows  how  Legendre 
polynomial  coefficients  up  to  the  35th  order  have  a  comnon  characteristic  behavior  as  function  of  size 
parameter.  For  Increasing  size  parameters,  higher  orders  of  polynomial  coefficients  start  tc  become 
relevant  and,  after  reaching  a  maxlmun,  they  start  oscillating  with  decreasing  amplitudes.  In  the  case 
of  non- polarized  light,  the  first  two  coefficients  are  proportional  to  scattering  coefficient  and 
asymmetry  parameter,  respectively.  In  what  follows,  the  meaning  of  these  two  coefficients  will  be 
discussed  In  respect  to  the  polarization  of  the  light. 


DEFINITIONS 

Light  rays  crossing  a  large  light-absorbing  particle  are  strongly  attenuated  so  that  only  the 
rays  reflected  from  the  surface  and  those  diffracted  need  to  be  taken  Into  account.  Under  these 
cl rcunstances ,  the  scattering  and  extinction  coefficients  (Indicated  with  ^ext* 

can  be  approximated  by  formulas  of  the  kind  (see  Irvine,  1965;  van  de  Hulst,  1957;  Kerker,  1969). 


and  the  asymnetry  parameter  by: 


where 


Q  =  2 
vext 


Qsca  -  l  +  w'  *  1  ♦  1  (wi'  ♦  w2') 


<cos6>  *  (1  +  w'g')/(l  +  w') 


w'  »  i  (wx  +  w2) 


r  “  2W7  (,  {2°  -  1)(lri|J  +  |rj'2  do  *  *  (gi  +  92)  (5 

where  r,  and  r2  are  Fresnel  reflectances  (M.  Born  and  E.  Wolf,  1969,  Sec.  13.4),  o  -  cos2  t.  and  t  Is 
the  complement  of  the  angle  of  Incidence  of  a  ray  on  the  particle  surface.  Here,  we  redefine  the 
quantities  w< '  and  g^  (1  -  1,2  for  the  two  orthogonal  planes  of  linear  polarization)  In  a  slightly 
different  way.  Starting  from  the  phase  function  P^e),  we  can  define  the  Integral  quantities: 


91  3  i  J  P.,(e)  cose  d(cose) 

"1  =^sca  ,CP1(e)  d(cose) 


In  analogy  with  the  preceding  case  results. 


<co$e>  ■  t  (jji  ♦  9») 


(8) 


Qsca  “  t  (*>i  +  **i)  (9) 

Since  the  quantities  g2,  and  Wi,  w2  are  related  one  to  the  other,  through  the  asymmetry 
parameter  <cose>  and  the  scattering  coefficient  Q„, ,  we  found  It  convenient  to  plot  the  ratios: 

SCO 


and 


Rg  ■  gi/<ccse> 
\  *  "i/Qsca 


(10) 
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RESULTS 

Let  us  start  considering  the  scattering  coefficient  and  the  asyranetry  parameter  shown  In  Figs,  la 
and  lb  for  particles  having  the  same  real  part  of  the  Index  of  refraction  (n  ■  1.6)  and  three  different 
values  of  the  Imaginary  part  (k  s  U,  0.05,  0.5). 


FI6URE  1.  SCATTERING  COEFFICIENT  (a),  AND  ASYMMETRY  PARAMETER  (b). 


The  previously  defined  scattering  ratio  and  asymmetry  ratio  Rg  are  shown  In  Figs  2  and  3  as  a 
function  of  size. 

For  values  of  size  parameter  smaller  than  1.5  the  ratios  are  practically  constant  and  equal  to 
the  asymptotic  value  they  assume  In  the  case  of  Rayleigh  scattering.  Wh.le  the  asymptotic  value  of 

R*  can  be  easily  computed  analytically,  the  value  of  Rg  ■  1.18  has  to  be  computed  as  a  limit  for 


decreasing  x,  because  both  numerator  and  denominator  of  Rg  Identically  vanish  In  the  Rayleigh  scattering. 

In  Figure  2,  for  site  parameter  equal  to  1,  the  value  of  Rw  Is  just  slightly  higher  for  non- 
llght-absorblng  particles  than  for  absorbing  particles.  This  is  due  to  the  relatively  low  value  of 
polarization  at  90s  exhibited  by  light  absorbing  particles.  For  size  parameters  between  1  and  2, 

Rw  decreases.  In  fact,  as  Indicated  In  Fig.  4a,  the  angle  of  maximum  polarization  Is  moved  toward 
the  backward  direction  decreasing  the  difference  between  the  values  of  the  two  scattering  Integrals. 
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Light  absorbing  particles  at  size  parameter  1.6  have  features  In  the  polarized  phase  functions  that 
are  characteristic  of  larger  values  of  size.  In  fact,  Fig.  4b  shows  a  scattering  lobe  forming  at  angles 
around  140°  In  P2(e).  The  evolution  of  the  lobe  with  x  along  with  a  simultaneous  decrease  In  the  forward 
scattering  causes  the  value  of  Rw  for  light-absorbing  particles  to  be  greater  for  size  parameter  1.6  and 
above.  In  fact,  the  absolute  value  of  the  complex  refractive  Index  Is  higher  for  light-absorbing 
particles,  having  the  same  real  part  of  refractive  Index  of  non  light-absorbing  particles.  Therefore, 
the -light  rays  crossing  the  light  absorbing  particles  undergo  longer  optical  pathlength. 
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FIGURE  4.  POLARIZE0  PHASE  FUNCTIONS.  Particles  of  size 
parameter  x  ■  1.6.  Solid  curve  Is  P«(0); 
dashed  curve  Is  P,(0).  (a)  Non-light  absorbing. 

(b)  Light-absorbing  with  k  »  0.5. 

The  ratio  R  for  refractlce  Index  m  ■  1.6-10.5  reaches  1.12  for  x  ■  7;  simultaneously,  the  scatter- 
w 

ing  efficiency  Qsca  in  Fig.  la  loses  Its  ripple.  The  ratio  Rg  of  Fig.  3  for  the  less  absorbing  particles 
has  a  pronounced  broad  peak  for  x  around  7  when,  correspondingly,  the-  scattering  efficiency  and  the 
asynmetry  parameter  have  the  first  main  minimum.  The  reason  for  this  Is  easily  found  In  the  polarized 
phase  functions  for  values  of  sizes  Inside  and  outside  the  peak.  Figure  5a  shows  the  phase  functions 
Pj(o)  and  P2(e)  for  non-llght-absorblng  particles  of  size  parameter  4  and  Fig.  5b  for  size  parameter  6. 

In  the  figures,  the  shaded  area  marks  the  region  contributing  the  most  to  the  values  of  ratio  Rg.  For 
size  parameter  6,  t.he  shaded  area  In  the  backward  scattering  has  relatively  higher  Importance  than  in  the 
case  of  x  •  4.  In  fact,  at  size  parameter  6,  refracted  and  diffracted  rays  undergo  negative  Interference 
decreasing  the  Importance  of  the  forward  scattering.  As  further  proof,  It  Is  possible  to  observe  that 
the  positive  peak  In  the  Rg  plot  (Fig.  3)  diminishes  as  the  Imaginary  part  of  the  refractive  Index  atten¬ 
uates  the  refracted  rays.  For  increasing  Imaginary  nart  of  the  refractive  Index,  both  ratios  become 
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(a) 


(b) 


FIGURE  5.  POLARIZED  PHASE  FUNCTIONS.  Non  light¬ 
absorbing  particles,  (a)  Size  parameter  x  *  4. 
(b)  SI;  parameter  x  ■  6. 


less  sensitive  to  the  size  parameter  and  the  as/nptotlc  value  given  by  the  geometric  optics  for 
large  absorbing  spheres  Is  approached  for  x  between  10  and  30.  This  asymptotic  value  depends 
slightly  on  the  complex  refractive  1  oex  entering  In  the  Fresnel  formulas  (on  this  topic  see 
also  the  cases  discussed  by  Prlshlvalko,  1963). 

Experiments  performed  In  the  laboratory  suggested  that  In  the  case  of  particles  of  Irregular  shape 
and  complex  refractive  Index  close  to  1.5-0.11,  this  asymptotic  value  can  be  reached  for  size  parameters 
as  little  as  7  (Colettl,  unpublished  data). 


CONCLUSIONS 

The  discussion  presented  and  the  examples  reported  demonstrate  the  Information  content  of  the 
Integral  quantities  w^  and  g^  Introduced  In  Eqs.  (6),  (7),  (10),  and  (11).  While  some  of  these 
quantities  may  have  modest  physical  meanings,  their  use  In  the  applications  may  be  convenient. 
Experimentally,  R^  and  Rg  present  numerous  advantages  as  ratios  of  polarization  measurements  which  are 
Insensitive  to  multiplying  factors  In  the  Instrumental  calibration  and  ere  relatively  Imnune  to  noise 
and  experimental  errors. 

During  extensive  optical  measurements  of  angulor  scattering,  these  or  analogous  quantities  may 
be  profitably  used  for  real-time  monitoring  of  experiments,  or  for  generating  a  "quick  look"  at  large 
data  sets. 


The  next  step  of  this  research  will  be  that  of  repeating  an  analogous  discussion  for  the  orders 


of  Legendre  polynomials  that  enter  more  directly  In  the  backward  scattering. 
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ABSTRACT 

This  paper  concerns  the  calculation  of  the  radiation  torque  on  spheres  and  the  conceptual 
understanding  of  the  angular  momentum  transport  of  scattered  electromagnetic  fields.  Related  work 
which  has  been  published  Includes: 

1.  P.  L.  Marston  and  J.  H.  Crichton,  'Radiation  Torque  on  a  Sphere  Illuminated 
with  Circularly  Polarised  Light,'  Journal  of  the  Optical  Society  of  America 
Bl_,  528-329  (1984). 

2.  P.  L.  Marston  and  J.  H.  Crichton,  'Radiation  Torque  on  a  Sphere  Caused  by  a 
Circularly-Polarised  Electromagnetic  Wave,'  Physical  Review  A30 .  2508-2516 
(1984). 

In  the  present  paper  the  principal  results  of  these  calculations  are  summarised  together  with  a  novel 
explanation  of  the  rate  at  which  angular  momentum  la  radiated  by  the  scattered  field.  This  angular 
momentum  Is  decomposed  Into  its  'orbital"  and  "spin"  parts.  This  decomposition  explains  why  the 
torque  should  vanish  on  a  nonabsorbing  Isotropic  dielectric  sphere. 

RADIATION  TORQUE  ON  A  SPHERE 

We  recently  calculated  the  torque  on  an  Isotropic  sphere  Illuminated  by  a  circularly  polarised 
1  2 

plane  wave.  *  The  formulation  of  the  other  fundamental  cross  sections  by  Mle  (1908)  and  Debye  (1909) 

for  homogeneous  Isotropic  spheres  give  the  well-known  efficiency  factors  for  scattering,  absorption, 

extinction,  and  radiation  pressure  usually  designated  by  Q  ,  Q  .  ,  Q  ,  and  0  respectively. 

®c  bdb  bx l  pr 

Consider  a  homogeneous  Isotropic  sphere  of  radius  a  Illuminated  in  vacua  by  a  s-dlrected 
wave  of  positive  hellclty  (l.e.  the  s-projectlon  of  the  photon-spin  Is  positive).  We  refer  to  .'.his 
wave  aa  being  left-clrcularly  polarised.  The  incident  wave's  fields  may  be  written2  E0Ref?,exp(-lwt)J 
and  EgRefB^expf-lut)]  where  E^  -  (»4-iy)exp(  Iks)  and  •  -lE^;  Ej  and  Bj  designate 
similarly  dimensionless  scattered  fields.  The  origin  0  of  the  coordinate  system  (Fig.  1)  coincides 
with  the  center  of  the  sphere.  It  is  also  the  canter  about  which  the  radiation  torqua  la  tpaclflad. 
The  redlatlon  torque  r  Is  equal  to  the  average  rate  which  field  angular  momentum  la  transported  Into 
the  sphere.  For  the  ateady-etate  problem  under  consideration,  this  equals  the  flux  of  angular 
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momentum  through  a  concentric  spherical  aurfaco  of  radius  r  >  a.  A  conaarvatlon  theorem  relate*  this 
flux  to  tha  time-averaged  Maxwell  atraaa  dyad  <T>  of  the  total  (Incident  +  acattarad)  fielde  via  the 


aurfaca  Integral 


-  -  ds*<r 


<T>  x  r  . 


The  symmetry  of  the  problem  under  conaideratlon  give*  ■  0  while 

r£  -  ^ira^p/u  (2) 

where  1,  -  E2c/*?r  la  tha  incident  lrradlanca  and  Qr  la  the  torque  efficiency  factor.  The  Integral 

la  0  * 

2 

In  Eq.  (1)  way  be  partitioned  giving 

Qr  -  Q11  +  Q12  +  Q21  +  Q22  *  (3) 


Q±i  -  -  h(2na2)'1  G±j  , 


G1J  ‘  r 


"Re  |  [r*E±  (E*  *  r*£)  +  (B*  x  ^.£)]dft  , 


and  the  integration  1*  over  a  aolid  angle  of  4n  ar.  Equation  (3)  partitions  Op  into  terms  Involving 
incident  fields  <QU>.  scattered  fields  «>22).  end  mixed  terms  (0a+  021>.  Evaluation  of  the  O  la 
facilitated  with  the  modern  formulation  of  vector  spherical  harmonics  and  associated  theorems.2  The 
expansion  coefficients  of  tha  Ej  and  follow  from  the  usual  boundary  conditions  at  the  radlua  a 

used  In  Hie  theory. 

It  la  not  difficult  to  ahow  that  Qu  -  0;  the  remaining  Q  may  be  evaluated  In  the  kr  -►  » 
limit.  Occasionally  tedious  algebra  reduces  then  to  usual  Mie-theoretlc  efficiency  factors! 


-  Q.c  •  Q12  "  Qext 


(6e,b) 


and  Q2l  •  0.  Evidently  the  torque  efficiency  factor  Is 

Qr  "  Qext-Qsc  ’  Qabs  (7> 

so  that  Qp  vanishes  for  a  lossless  dielectric  sphere. 

The  analysis  leading  to  Eqs.  (2)  and  (7)  has  been  extended  to  Include  spheres  with  radial 

2 

gradients  of  the  refractive  Index  and  elliptlcally  polarized  plane-wave  Illumination.  We  need  not 
consider  these  results  here  or  In  the  discussion  which  follow. 
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SPIN  ANT)  ORBITAL  PARTS  OP  THE  ANGULAR  MOMENTUM  RADIATED  BY  THE  SCATTERED  FIELD 


Central  to  the  prediction  that  the  torque  vanishes  for  a  loealeaa  dielectric  sphere  is  the 
intermediate  result,  Eq.  (6a),  which  requires  the  flux  of  the  s-compouent  of  the  angular  momentum 
radiated  by  the  scattered  field  (considered  alone)  be  proportional  to  the  total  scattered  power.  This 
requirement  may  at  first  appear  to  be  in  conflict  with  the  following  physical  argument.  Consider  the 
radial  flux  density  of  angular  momentum  at  a  distant  observer  (r  »  ka  from  the  sphere's  center) 
where  the  scattered  field  E^,  B^  has  the  local  appearance  of  an  elliptlcally  polarised  plane  wave. 
These  fields  may  be  locally  approximated  as  due  to  superposition  of  left  and  right  hand  plane  veves 
having  lrradlances  of  I+  and  I_,  respectively.  According  to  this  argument  the  radial  flux  of  the 
radial-component  of  the  angular  momentum  is  proportional  to  (I+  -  I_)  while  the  radial  flux  of  the  t- 
component  of  the  angular  momentum  should  be  proportional  to  (I+  -  I_)  cosd  where  6  la  the  scattering 
angle  as  defined  In  Pig.  1.  Since  the  illumination  Is  circularly  polarise-'  ne  flux  densities  must 
be  Independent  of  the  aslmuthal  angle  $.  A  detailed  calculation  of  cne  cate  of  spin  angular  momentum 
radiated  by  the  flux  of  photons  into  all  directions  gives  the  following  result 
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where  the  integration  Is  over  a  solid  angle  of  An  sr.  The  reason  for  the  spin  designation  on  this 
flux  (and  on  the  efficiency  factor  Q8p^n)  will  be  evident  from  a  subsequent  discussion. 

The  left  and  right  handed  lrradlances  1+  and  I  may  be  computed  using  the  expressions  for 
the  dimensionless  scattered  fields  E^  and  B^.  Expressions  for  the  far-cone  scattered  fields 
appropriate  for  circularly-polarised  illumination  may  be  alternately  obtained  using  conventional  Mle 
theory  and  a  linear  transformation  like  the  one  described  on  page  189  of  Ref.  3  (supplemental  list  of 
Reference,  below).  Either  approach  gives  the  following  proportionalities 


i±  -  il  is1!2  .  (io) 

where  S+  •  In  which  and  ere  Mis  scattering  amplitudes  in  the  ususl  notation  (see 

e.g.  Ref.  3).  Evaluation  of  the  required  proportionality  constants  and  a  tedious  evaluation  of  tne 
Integral  In  Eq.  (9)  yields  the  following  "spin"  efficiency  fector 
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+  Re  [a  b*  +  a  b*  ] 

n+1  a+l  n  n  n+11 


2  1 

where  a  and  b  ere  the  " scatter lng  coefficient#"  of  Hie  theory  in  the  usual  notation*  9  (The 
n  n 

coefficient*  a  and  b  are  proportional  to  the  atrengtha  of  oaclllatlng  electric  and  magnetic 
u  n 

2 

aultlpolea,  respectively,  which  give  rlae  to  the  acattered  field*.  )  We  have  numerically  evaluated 

Bq.  (11)  for  repreaantatlve  loaaleaa  and  loaay  cpharaa  and  find  that  0  <  Q  <  ^ac*  Since 

Qapi0  t  Q(C>  it  la  avldant  that  Rq.  (8)  done  not  give  all  of  tha  angular  momentum  flux  of  the 

acattered  flald.  Indeed,  if  one  eaaumea  that  the  flux  to  be  antirely  specified  by  Q8p^n>  It  would  be 

expected  that  Qj,  -  -  0  2o  which  does  not  vanlah  for  a  lossless  dielectric  sphere! 

To  resolve  the  apparent  conflict,  It  la  necessary  to  Identify  radiated  angular  momentum  not 

Included  In  Bq.  (0)  which  was  Included  In  our  exact  evaluation  of  The  local  angular  momentum 

2 

density  of  tha  scattered  flald  la  proportional  to 


T2  ■  Heir  X  (Jj  X  S2)|  , 


where  and  are  normalised  scattered  fields  as  in  Eq.  (5)  and  the  normalisation  used  1*  such 
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hi  "  "  THf  j  *'^2  ^  ’ 


In  the  limit  kr  *  05  and  the  Integration  Is  over  s  solid  angle  of  An  sr.  The  relevant  component  of 
)2  may  be  spilt  Into  the  following  terms 


imU  -  +  8-j 


+ 


spin  ‘  J orbital  surface  f 


2^.Pin  "  TTMll2*(i2  *  fyJ  * 


Jorbltal 


236 


where  uee  haa  been  made  of  eondltlone  -  0,  V*6j  -  0  end  the  requirement  thee  the  phyeicel 

fields  ere  solutions  of  Maxwell's  equations  having  a  harmonic  time  dependence.  In  Bq.  (16), 

/N  — ►  A 

denotes  operator  e*L  in  which  L  ■  -l(rxV)  la  an  Infinitesimal  rotation  operator.  Renee  the 
Identification  of  right  aide  of  Eq.  (16)  with  the  orbital  angular  momentum  of  the  field.  The  angular 
momentum  associated  with  the  right  side  of  Eq.  (IS)  lacks  a  lever  arm  and  hence  it  may  be  attributed 
to  the  Intrinsic  spin  of  Che  field.  The  decomposition  of  field  angular  momentum  given  by  Eqa.  (14)- 
(17)  Is  similar  to  that  discussed  by  Humblet3  and  othere^*^  except  we  choose  to  write  It  In  a  gauge- 
invariant  form. 

Iq  our  original  evaluation  of  Q22,  the  Integral  in  Eq.  (1.1)  was  evaluated  directly  using  a 

-*■  -b- 

multipole  expansion  of  E^  and  Bj.  This  procedure  gave  Eq.  (6a).  We  now  summaries  the  results  of 
using  Eq.  (14)  In  the  evaluation  of  this  Integral.  These  are  as  follows! 

f  ^.urfe.  ®  •  0  •  <*»> 
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spin 
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where  Q#pln  la  defined  as  In  Rqs.  (9)  and  (11).  Inspection  of  Eqs.  (13),  (14),  (1R),  (19),  and  (20) 
conflt  i  that  oJ2  •  -  Q#c< 

DISCUSSION 

The  physical  result  of  this  analysis  Is  that  Eq.  (ft)  correctly  describee  the  spin 

contribution  to  the  radiated  angular  momentum  but  it  falls  to  Include  the  orbital  pert  described  by 

Eq.  (20).  The  result  that  the  field  possesses  an  orbital  angular  momentum  is  consistent  with 

4-7 

decompositions  applied  to  other  radiation  problems.  Our  analysis  affirms  our  previous 
1  2 

prediction  '  that  the  torque  should  vanish  for  a  lossless  isotropic  dlelactrie  sphere  Illuminated  by 
a  plane  wave. 

Consider  the  application  of  this  analysis  to  'ftaylelgh  scattering”  from  a  small  sphere  for 
which  the  only  nonvanishing  scattering  coefficient  may  be  taken  to  be  s^.  Then  the  scattering 
sfflclsncy  reduces  to3  Q  a  6|e  |2/(ka)2  so  that  Eq.  (11)  glvas  Q  .  *  Q  12.  Renca  the  radiated 

sc  i  ipm  Ac 

z-cooponent  of  the  angular  momentum  is  partitioned  squally  between  orbital  and  spin  parts.  Equation 
(7)  requires  thet  the  ecattorer  not  be  lossless  if  there  Is  to  be  a  torque.  Erom  the  perapective  of 


237 


classical  physics,  lossst  glvs  rise  to  s  phase  shift  between  ths  Induced  dipole  moment  end  the 
rotating  B-fleld  of  the  Incident  wave.  This  phase  shift  la  essential  If  there  Is  to  be  e  radiation 
torque. 
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ABSTRACT 


This  papar  reviews  rasaarch  on  enhancad  backseat  taring  and  polarisation  phenomena  dua  to  tha 
axial  and  rainbow  focusing  of  rays  having  non-taro  Impact  parameters.  Tha  emphasis  la  on  glory  waves 
associated  with  rays  transaitted  through  tha  sphere  In  contrast  to  tha  wall  known  case  In  which  parts 
of  tha  glory  ray  traval  circumferentially  on  tha  sphere's  surface.  For  this  class  of  “ transmit tad- 
wave'  glorias,  wa  have  developed  novel  models  of  (1)  tha  focal  parameters  of  tha  virtual  rlng-llke 
source  of  glory  waves;  (11)  the  angle-dependent  phase  and  amplitude  properties  of  these  waves  In  near¬ 
backward  directions,  and  (111)  polarisation  phenomena  for  Incident  linear  and  circularly-polarised 
Illumination.  Some  of  the  research  la  discussed  in  the  following  publications! 

1.  D.  S.  Langley  and  P.  L.  Marston,  "Glory  in  tha  Optical  Rackscstterlng  from  Air 
Bubbles,"  Physical  Review  Letters  4J_,  913-916  (1981). 

2.  P.  L.  Marston,  D.  S.  Langley,  and  D.  L.  Kingsbury,  "Light  Scattering  by  Bubbles  In 
Liquids!  Mle  Theory,  Physical-Optics  Approximations,  and  Experiments,"  Applied 
Scientific  Research  38,  373-383  (1982). 

3.  P.  L.  Marston  and  D.  S.  Langley,  "Glory  in  Backscatterlngt  Mle  and  Model 
Predictions  for  Bubbles  and  Conditions  on  Refractive  Index  In  Or op a,"  Journal  of 
the  Optical  Society  of  America  72_,  456-459  (1982). 

4.  P.  L.  Marston,  "Light  Scattering  by  Bubbles  In  Liquids:  Comments  and  Applications 
of  Results  to  Circularly  Polarised  Incident  Light,"  Applied  Scientific  Research 
40,3-5  (1983). 

5.  p.  L.  Marston,  "Uniform  Hle-theoretic  Analysis  of  Polarised  and  Croae-Polwrlsed 
Optical  Glories,"  Journal  of  the  Optical  Society  of  America  7J,  1816-1818  (1983). 

6.  P.  L.  Marston  and  D.  S.  Langley,  "Glory-  and  Rainbow-Enhanced  Acoustic 
Backscatterlng  from  Fluid  Spheres:  Models  for  diffracted  Axial  Focusing,"  Journal 
of  the  Acoustical  Society  of  America  73,  1464-1475  (1983). 

7.  P.  L.  Marston,  K.  L.  Williams,  and  T.  J.  B.  Hanson,  "Observation  of  the  Acoustic 
Glory:  High-Frequency  Backscatterlng  from  an  Elastic  Sphara,"  Journal  of  the 
Acoustical  Society  of  America  74_,  605-618  (1983). 

8.  K.  L.  Williams  and  p.  L.  Marston,  "Mixed-mode  acoustical  glory  scattering  from  a 
large  elaetlc  apherei  Model  and  experimental  verification,"  Journal  of  the 
Acouetlcal  Society  of  America  76.,  1555-1563  (1984). 

9.  P.  L.  Mereton  end  D.  S.  Langley,  "Strong  beckecetterlng  and  croaa  polarisation 
from  bubbles  and  glass  spherae  In  water,"  Proceedings  of  the  Society  of  Photo- 
Optical  Instrumentation  P.nglneera  489 ,  130-141  (1984). 

The  lest  Item  listed  Includes  a  review  of  most  of  the  earlier  optical  research.  The  empheale  of  this 
research  has  been  on  bubbles  or  drop-llke  acetterere  for  which  the  relative  refractive  Index  It  < 
1.18.  The  focsl-peremetere  derived  end  the  epproxlmatlons  for  the  amplitude  and  phaees  of  the  gTory 
wave*  may  be  trivially  generalised  to  other  drop-llke  acetterere.  For  example,  when  the  relative 
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refractive  Index  la  between  21  *  end  2,  there  will  be  a  strong  glory  wave  due  to  the  transmitted  wave 
having  two  chords  (and  a  single  reflection).  Previous  calculations  of  the  focal  parameters  and  the 
existence  conditions  for  transmit ted- wave  glories  are  critiqued  In  Items  3  and  6.  Items  6-8  are 
concerned  with  the  acoustical  analog  of  glory  scattering.  These  are  listed  since  they  give  the  most 
coaplets  derivations  of  focal  parameters  and  angle-dependent  phase  shifts  and  they  describe  both  the 
far-f laid. (distance  to  the  observation  point  r  »  ka  )  and  the  lesc  restrictive  Fresnel  region 
(r  »  ka4). 


Infrared  Spectroscopy  of  Single  Aerosol  Particles 

S.  Arnold 
Oept .  of  Phys I cs 

Polytechnic  Institute  of  New  York 
Brooklyn,  New  York  11201 

A.B.  Pluchlno 

Infrared  Space  Optics  Section,  Chemistry  and  Physics  Laboratory 

Aerospace  Corp. 

P.O.Box  929S7,  Los  Angeles,  California  90009 

This  paper  describes  a  means  for  obtaining  the  infrared  absorption  spectrum  of  a 
single  aerosol  particle  by  photothermal  modulation  of  visible  scattered  light 
near  a  structure  resonance  (Structure  Resonance  Modulation  Spectroscopy).  This 
work  was  presented,  published  and  submitted  for  publication  as  follows. 


1.  A.B.  Pluchlno  and  S.  Arnold."  IR  Spectrum  of  a  Single  Aerosol 
Particle  by  Photothermal  Detuning  Spectroscopy".  Presented 
at  Chemical  Systems  Laboratory  Scientific  Conference  on 
Obscuration  and  Aerosol  Research. Aberdeen  Proving  Ground, 
Maryland,  June  1982. 

2.  S.  Arnold  and  A.B.  Pluchino,  "  IR  Spectrum  of  a  Single 
Aerosol  Particle  by  Photothermal  Modulation  of  Structure 
Resonances",  Appl  .  Opt.2J_,  4199(1982). 

3.  S.  Arnold  and  A.B.  Pluchino,  "IR  Absorption  of  a  Single 
Aerosol  Particle  by  Photothermal  Modulation  of  Structure 
Resonances"  .Maryland  Meeting  of  the  American  Association  for 
Aerosol  Research.  Aprl 1.1983:  Aerosol  Scl.  and  Tech. 2, 

194( 1983 ) . 

4.  S.  Arnold  and  A.B.  Pluchlno,  "Molecular  Spectroscopy  of  a 
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This  paper  Is  concerned  with  a  means  for  measuring  the  spectrum  of  on 
a  single  aerosol  particle  In  the  IR.  There  a^e  a  number  of  reasons  for  wanting 
to  make  such  a  measurement.  Our  motivation  originally  arose  In  connection  with 
modeling  photophoresis.  The  force  In  this  case  was  shown  to  be  proportional  to 
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Q  as  well  as  an  anisotropy  factor  which  describes  the  distribution  of  the 

3 

1  2 

Internal  field  sources.  ’  Consequently  the  only  way  to  Isolate  the 

anisotropy  factor  experimentally  was  to  measure  both  the  photophoret- 1 c  force  and 

Q  .  Unfortunately  at  the  time  no  means  existed  for  measuring  Q  on  £  -» 

3  3 

Isolated  particle.  Since  the  spectrum  of  would  also  provide  fairly 
complete  Information  concerning  both  the  emlsslvlty  of  the  particle  as  well  as 
local  effects  which  control  aerosol  obscuration,  we  attempted  to  formulate  the 
first  such  spectroscopy.  In  what  follows  we  will  show  that  the  spectrum  of 
Qa  may  now  be  determined  experimentally.  In  addition  since  the  absorption  of 
IR  Is  sensed  by  photothermal  evaporation  from  the  particle,  our  measurements 
allow  us  to  follow  the  associated  mass  transport  processes. 

Measurement  Principle 

This  new  method  Is  called  Structure  Resonance  Modulation 
Spectroscopy(SRMS) . ^  SRMS  Is  In  a  sense  an  amplification  scheme,  where 
a  small  amount  of  absorbed  IR  causes  a  large  change  In  visible  scattered  light. 
When  Infrared  radiation  Is  absorbed  by  a  small  solution  drop  In  equilibrium  with 
water  vapor,  the  droplet  evaporates  slightly?  It  shrinks  In  size.  The 
evaporation  Is  caused  by  ar.  increase  In  vapor  pressure  at  the  surface  of  the 
drop  as  Its  temperature  increases.  The  new  smaller  size  Is  stable  as  long  as  the 
radiation  Is  continuous.  The  mechanism  for  this  phenomena  may  be  understood, 
for  an  Ideal  solution, In  terms  of  Raoult's  Law.  Simply  stated,  the  vapor 
pressure  of  the  water  at  the  surface  of  such  a  solution  Is  the  vapor  pressure  of 
pure  water  times  the  mole  fraction  of  water  In  solution.  Whan  a  drop  Is  heated 
the  vapor  pressure  Increases,  a  flux  of  vapor  Is  emitted  Into  the  external 
medium,  and  the  drop  shrinks.  Since  this  shrinkage  causes  a  decrease  In  the  mole 
fraction  of  water  in  the  particle,  the  vapor  pressure  at  the  surface  of  the  drop 
begins  to  fall.  Eventually  the  particle  reaches  a  vapor  pressure  equal  to  the 
external  environment  and  the  particle  stabilizes  In  size,  for  the  weak  Intensity 
produced  by  a  monochromat I  zed  Incandescent  IR  source  (~IOcm-1 
bandwidth),  the  size  change  of  a  particle  5u  In  diameter  may  be  smaller 
than  IA.  However  this  size  change  Is  easily  detected  by  measuring  a 
corresponding  change  In  elastically  scattered  visible  light.  To  do  this  the 


narrow  band  radiation  from  a  tunabla  dye  later  le  positioned  at  the  low 


wavelength  side  of  a  structure  resonance  of  the  particle.  This  resonance, 
detected  through  visible  scattered  light4.  Is  a  natural  electromagnetic  mode 
of  the  parti  cl e.^lt  can  be  shown1  that  a  fractional  change  tn  particle 
radius  4a/a  leads  to  precisely  the  same  change  lr.  resonant  wavelength 
Thus  a  given  resonance  Is  shifted  to  shorter 
wavelength  as  the  particle  shrinks.  If  the  Incident  radiation  ts  positioned  at 
the  short  wavelength  side  of  a  resonance,  a  reduction  in  particle  size  will  lead 
to  an  Increase  In  scattered  light.  As  one  can  see  from  the  calculated 
backscatter Ing  spectrum  of  a  water  droplet  In  Ffg.l.  a  3A  change  In 
particle  radius  (out  of  24.980A)  leads  to  more  than  a  25%  change  In 
visible  scattered  light  at  5346. 5A.  The  transfer  parameter  describing  the 
scattered  light  change  Is  8«(a/S) (J5/Ja) .  The  value  of  6  at 
5346. 5A  In  Flg.l  Is  '>2500.  This  means  a  1%  increase  In  scattered  light 
would  reveal  a  0.1A  decrease  In  radlusl 

Experimental  Setup 

The  particle  Is  electrically  suspended  In  air  within  a  sealed  chamber 
by  the  use  of  a  quadrupole  trap.  The  sample  particle  Is  prepared  by  Injecting  a 
dilute  solution  drop'et  of  (NH4)2S04  from  an  Impulse  jet  placed 
above  the  chamber.  A  saturated  KCI  solution  placed  tn  the  chamber  provides  a 
stable  water-vapor  background.  A  typical  sample  was  5  to  10  microns  in  diameter. 
The  dye  laser  beam  was  Introduced  from  below  as  shown  In  Fig. 2. 

A  typical  spectrum  of  light  scattered  at  90°  Is  shown  by  the  lower  curve 
in  Fig. 3.  The  upper  curve  shows  the  effect  of  Introducing  steady, unf 1 1 tered 
radiation  from  a  Nernst  Glower.  The  shift  of  the  resonences  to  shorter 
wavelengths  Is  due  to  evaporative  shrinkage.  The  dynamics  of  this  process  Is 
recorded  in  Fig. 4.  The  upper  curve  shows  the  scattered  light  fluctuation 
corresponding  to  a  chopped  IR  source.  The  visible  laser  was  positioned  half  way 
up  on  the  low  wavelength  side  of  a  narrow  structure  resonance.  We  see  that 
the  time  variation  of  the  scattered  light  Is  triangular  In  comparison  with  the 
square  wave  modulation  of  the  Incident  IR.  The  phase  boundary  relaxation  process 
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giving  rise  to  this  behavior  will  be  discussed  In  the  next  section. 

By  filtering  the  IR  source  with  an  optical  wedge  monochromator  we  obtain 
the  IR  Structure  Resonance  Modulation  Spectrum  through  phase  sensitive  detection 
at  20Hz.  Fig. 5  shows  the  IR  SRMS  spectrum  near  the  prominent  vibrational 
resonance  of  the  SO  “  ion  at  9.lu.  Since  the  water  fraction  Is 

O 

known  from  the  external  vapor  pressure  through  thermodynamics,  one  can  compare 
the  line  shape  in  Fig. 5  with  predictions  of  Mle  theory  based  on  measurements  of 
complex  refractive  Index.^  In  fact  the  solid  line  through  the  data  in  Fig. 5 
Is  such  a  calculation.  We  see  that  the  SRMS  spectrum  Is  proportional  to 
Q^.  In  addition  the  signal  at  a  given  wavelength  Is  found  to  be  proportional 
to  both  the  Incident  IR  Intensity  end  the  transfer  function  B. 

So  our  empirical  result  Is  that  the  first  harmonic  of  the  scattered 
light  fluctuation,  «S,  is  given  by 

<S(i2)/S-FB(XI)QaU1  >1  ,  <»,)  (1) 

where  x j  and  x are  the  IR  and  visible  wavelengths, 

Ij  Is  the  first  harmonic  of  the  IR  Intensity,  and  S  is  the  average  visible 
scattered  light  Intensity.  In  what  follows  we  will  develop  a  simple  physical 
model  to  rationalize  Eq. I  and  design  a  critical  experiment  for  testing  this 
mode l . 

Phys 1 ca I  Mode l 

The  equations  describing  the  detailed  coupling  between  a  heated  drop 
and  the  associated  hydrodynamic  modes  of  external  gas  and  vapor  are  In  general 
nonlinear.  Oue  to  this  Inherent  non! Inear ity.  we  lean  on  experimental  evidence 
in  developing  a  model  for  the  Interaction  of  such  a  drop  with  weak  radiation. 

The  first  apparent  fact  Is  that  the  phase- boundary  relaxation  process  Is 
much  slower  than  the  character  I st I c  time  for  the  temperature  end  vapor  fields 
to  come  to  steady  state.  From  Fig. 4  we  see  thet  the  phase  boundary  relaxation 
time  is  slower  than  1/40  sec.  However,  the  characteristic  time  for  steady  state 
of  the  vapor  field  is  8v  *»a^/30  ,  which  would  be  on  the 

order  of  10  7sec  for  the  particle  In  Fig. 4.  The  corresponding  time  for  the 


temperature  field  Is  on  the  same  order.  Consequently  Doth  fields  will  be  assumed 
always  to  be  In  steady  state.  In  addition  since  the  temperature  Increase  over 
ambient  Is  less  than  one  hundredth  of  a  degree  Kelvin,  the  Grashof  number  will 
be  much  less  than  one,  and  hydrodynamic  Influences  on  external  heat  and  mass 
transport  may  be  safely  neglected. '  lne  particle  sire  Is  controlled  by  Its 
mass.  Within  our  diffusive  model  the  time  rate  of  change  of  the  particle  mass  dm/dt 
t  s 


dm/dt  •  /09C»ndA. 


(2) 


In  order  to  perform  the  Integration  In  Eq.2  we  make  the  additional 
assumption  of  spherical  symmetry.  This  assumption  Is  justified  since  the  thermal 
relaxation  time  within  the  particle  Is  short  compared  with  the  relaxation  time 
observed  In  Fig. 4.  Thus  the  vapor  density  outside  the  particle  will  fall  off 
like  I /r  and  the  time  rate  of  change  of  the  particle  radius  (  with  particle  mass 
density  p  assumed  constant  )  Is 


da/dt  --04C  /(p  a) . 

s  P 


(3) 


where  4Ca  is  the  vapor  density  at  the  particle  surface  minus  that  at 
Infinity.  We  see  tnat  as  the  surface  vapor  density  Increases  the  particle  radius 
will  shrink  .  To  model  the  effects  of  size  and  temperature  on  the  surface  vapor 
density  we  combine  Raoult's  Law  (including  an  appropriate  van't  Hoff  factor) 
with  the  C laus lus-C lapeyron  equation.  The  temperature  increase  is  related  to  the 
light  absorption  through  an  equation  of  energy  conservation.  The  optical  power 
absorbed  Is  dlsslpatod  through  thermal  conduction  Into  the  ambient  gas  and  In 
providing  the  latent  neat  of  vaporization  of  surface  molecules.  All  of  these 
effects  ere  included  In  Eqn.3  and  the  resulting  equation  Is  expanded  to  first 
order  In  size  change,  e(t).  A  simple  differential  equation  for  the  time 
rate  of  change  of  t  evolves. 


dt/dt  ■  -al(t)  -ye. 


(A) 


where  I  Is  the  Incident  Intensity  and  a  and  T  are  constants 

which  depend  on  the  physical  makeup  of  particle,  vapor  and  ambient  gas. 
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y.flv<  'Vv^W  *_*w  >  f  (*-Z+  1 ) 

with  Z-(DCp/KgT) { l-i ( i-Xw)).{(LM/RT)-| }. 


(5b) 


In  Eqns.5.  f  are  the  mole  fraction  and  weight  fraction  of  water  In 

the  droplet.  L  1»  the  latent  heat  for  water  at  the  surface,  1  Is  the  van't  Hoff 

factor  of  the  solute,  C  and  M  are  the  mass  density  and  molecular  welQht  of 

P 

pure  water  and,  K  and  T  are  the  thermal  conductivity  and  temperature  of  the 

9 

ambient  gas. 

We  see  from  Eqn.5  that  the  time  for  the  phase  boundary  to  relax  is 

considerably  slower  than  the  time  for  the  vapor  field  to  reach  steady  3tete, 

8  _l.  Since  the  ratio  of  the  density  of  water  vapor  to  the  density 

of  liquid  water,  C  /p  .  near  room  temperature  Is  10~5  one 
p  p 

Immediately  can  see  the  large  effect  which  evaporation  has  on  the  relative 
magnitudes  of  y  and  8^.  The  other  contributions  to  y  In 
Eqn.5  further  this  distinction. 


Test  of  Physical  Model 

We  have  tested  the  above  model  for  SRMS  by  direct  measurements  of  the  phase 
boundary  relaxation  rate.  The  experiment  Involved  pulsing  the  IR  radiation  while 

measuring  the  transient  scattered  light,  for  the  weak  radiation  levels  used  In 

2 

our  spectroscopy  (<20mW/cm  )  we  find  the  relaxation  measurements  agree  with 
our  model  within  the  measurement  uncertainty  (-15%). 


O' scussion 

The  proportionality  of  the  SRMS  signal  with  Q  and  the  Incident  IR 

a 

Intensity  (Eqn.l)  Is  rationalized  through  Eqn.4.  The  agreement  between  this 
equation  and  pulsed  experiments  Is  good,  and  thereby  enables  us  to  determine  the 
proportionality  factor  ?  In  Eqn.l. 

For  a  periodically  modulated  IR  source,  at  angular  frequency  u 
the  factor  F  In  Eqn.l  will  depend  on  u.  If  we  suppose  a  harmonic 
excitation  1»  I  exp (Jut),  the  corresponding  size  fluctuation  may 
be  evaluated  from  Eqn.4.  Using  this  response  function  and  Eqn.l,  F  is  found 


to  be 


Cone  I  us  1  on 

We  see  from  the  foregoing  that  the  SRMS  technique  provides  the  only 
means  at  present  for  measuring  the  absorption  spectrum  of  a  single  isolated 
particle.  The  modulation  Is  adequately  described  by  a  steady- state  model 
for  vapor  and  temperature  transport.  Our  assumptions  are  specific  in  applying 
to  the  case  of  low  intensity  and  low  Knudsen  Number. 


Future 

Our  work  In  the  future  will  encompass  three  areas. 

First,  we  will  extend  our  work  on  SRMS  to  the  region  of  large  Knudsen 
number  where  the  effects  of  gas  mean  free  path  are  expected 

0 

to  make  the  phase  boundary  relaxation  process  sensitive  to  water  sticking. 
Second,  we  will  begin  to  look  at  the  SRMS  IR  spectrum  of  the  supersaturated 
phase.  Surprisingly  little  work  has  been  done  on  this  phase  although  It  Is  known 
that  a  significant  fraction  of  aerosol  particles  in  the  atmosphere  are 
supersaturated.  Finally,  we  will  begin  to  Investigate  the  SRMS  spectrum  from 
adsorbates  on  solid  spherical  particles,  in  order  to  gain  an  understanding  for 
the  manner  In  which  molecular  adsorbates  effect  the  photophysical  Interaction. 
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ABSTRACT 

Spontaneous  Raman  scattering  has  been  observed  from  single  aerosol  droplets  optically  levitated  by  an  argon  ion 
laser  beam.  All  of  the  Raman  bands  of  bulk  liquid  silicone  oil  and  dioctyl  phthlate  were  present  in  spectra  taken  of 
droplets  of  the  same  liqnids.  This  suggests  that  chemical  characterisation  of  Individual  droplets  may  be  possible  without 
the  undesirable  effects  of  a  supporting  substrate.  The  droplet  spectra  also  contained  unexplained,  tire-dependent  sharp 
features  superimposed  on  the  Raman  peaks.  The  new  technique  may  have  applications  in  chemical  characterisation 
studies  of  evaporating  multicomponent  droplets,  droplets  in  chemically  reacting  flows,  and  other  transient  processes 
involving  single  liquid  droplets. 

Raman  spectroscopy  has  been  shown  to  be  a  valuable  technique  for  the  chemical  characterisation  of  single  micrometer* 
sited  aerosol  particles  and  liquid  droplets  resting  on  supporting  substrates  [l].  Often,  however,  the  presence  of  the  sub¬ 
strate  causes  unwanted  effects,  sack  as  background  Raman  scattering  or  luminescence,  optical  coupling  to  the  anbetrate, 
and  droplet  shape  distortion,  which  can  distort  the  spectra  and  complicate  their  interpretation.  Therefore,  the  spectra 
obtained  from  single  suspended  droplets  should  be  more  directly  comparable  to  those  obtained  from  bulk  samples  and 
to  the  predictions  of  theoretical  models  for  Raman  scattering  from  microscopic  spheres  [2].  Of  the  several  methods  for 
particle  suspension,  optical  levitation  by  laser  radiation  pressure  |Sj  is  particularly  useful  in  Raman  spectroscopy  since 
the  same  beam  which  suspends  the  particle  cm  also  act  as  the  Roman  excitation  source. 

This  paper  reports  an  investigation  into  the  application  of  optical  levitation  techniques  to  the  micro-Raman  spec¬ 
troscopy  of  single  aerosol  droplets.  In  particular,  spectra  were  taken  of  both  silicone  oil  and  dioctyl  phthlate  (DOP) 
droplets  ranging  in  diameter  from  10  to  35  pm. 

The  experimental  apparatus  consisted  of  a  0.75-m  doable  monochromator  with  holographic  gratings,  a  CW  argon  ion 
laser,  an  optical  cell  in  which  the  droplets  levitated,  collection  and  focusing  lenses,  a  cooled  photomultiplier  tube,  photon 
counting  electronics,  and  a  minicomputer  for  data  acquisition  and  experimental  control.  About  600  mW  of  laser  power 
were  used  to  levitate  a  droplet,  the  diameter  of  which  was  determined  from  the  fringe  spacing  at  90  degrees  |4j 

In  Fig.  1  are  shown  spontaneous  RamM  spectra  of  DOP  for  the  bulk  liquid  (Fig.  la)  and  for  a  single  droplet  of 
nominal  26  pm  diameter  (Fig.  lb).  Comparison  of  the  two  spectra  indicates  that  ail  of  the  Raman  peaks  of  the  bulk 
liquid  spectrum  are  also  present  in  the  droplet  spectrum.  Additionally,  characteristic  group  frequencies,  such  as  the 
aromatic  and  the  paraffinic  C-H  stretches,  are  clearly  distinguishable  in  the  droplet  spectrum  and  occur  at  the  same 
frequencies  as  in  the  bulk  liquid.  These  results  suggest  that  the  combination  of  optical  levitation  and  Raman  spectroscopy 


m 


t 


may  permit  chemical  characterisation  studies  on  single  microdroplets,  although  no  experiments  with  multicomponent 
droplets  were  conducted  in  the  present  investigation.  Future  work  will  focus  on  the  time-resolved  characterisation  of 
evaporating,  two-component  droplets  having  known  starting  concentrations. 

In  addition  to  the  bulk  liquid  Raman  peaks,  the  spectrum  in  Fig.  lb  also  contains  sharp,  reproducible  features 
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FIGURE  1.  RAMAN  SPECTRA  OF  DIOCTYL  PHTHLATE.  (a)  bulk  liquid;  (b) 
a  single  2&/tm  droplet.  Peak  assignments  are  from  Reference  7. 
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superimposed  on  these  peaks.  Although  previous  studies  of 
fluorescent  light  emission  from  microspheres  have  shown  size- 
parameter-depeudent  resonances  which  relate  to  the  electro¬ 
magnetic  modes  of  the  microsphere  [6],  there  is  evidence  that 
the  sharp  Raman  features  in  the  present  study  are  not  related 
to  these  resonances  [6].  However,  they  too  depend  on  droplet 
size,  as  indicated  by  Fig.  2,  which  contains  Raman  spectra 
across  the  C-H  stretch  region  for  three  different  DOP  droplets 
of  various  sizes.  It  is  noted  from  the  figure  that  the  sharp  fea¬ 
tures  become  narrower,  more  closely  spaced  in  frequency,  and 
vary  in  amplitude  as  the  droplet  size  increases.  Further  in¬ 
vestigation  into  the  origin  of  these  sharp  features  is  underway 
!«|. 

These  preliminary  experiments  with  single-component  drop¬ 
lets  are  a  first  step  in  a  series  of  experiments  involving  the 
chemical  characterization  of  individual  aerosol  droplets.  Possi¬ 
ble  areas  of  investigation  include  compositional  studies  of  mvl- 


tlcomponent  droplets,  time-resolved  studies  of  droplet  evapora- 

STRETCHING  MODES  OF  DIOCTYL  tjon  surface  adsorption,  and  surface  reactions  on  a  droplet 
FHTHLaTE.  Raman  spectra  of  droplets  of  three  differ¬ 
ent  sizes  and  bulk  liquid.  in  a  chemically  reacting  flow. 


The  experiments  reported  here  were  conducted  in  the  Raman  Spectroscopy  Facility  of  the  Center  for  Materials  Science, 


National  Bureau  of  Standards. 
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ABSTRACT 


The  Irradiation  of  abaorblng  aaroaola  by  lntanaa  light  baaaa  la  investigated. 
Thla  analysis  la  aldad  by  tha  Introduction  of  oartaln  oharaotar latlo  intaraotlen  tlaaa 
whloh  Identify,  after  a  given  Irradiation  time,  tha  doslnant  aerosol -beta 
lntaraetlona.  Tha  raaulta  of  thla  atudy  include  a  description  of  steady«State 
vaporisation,  the  approaoh  to  steady-state  conditions,  and  an  approximate  traataant  of 
aerosol-enhanced  breakdown. 

Thla  work  haa  bean  published  aa  followaj 
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Absorbing  aerosols  irradiated  by  intense  light  beams  may  rapidly  reach  elevated 
temperatures,  exhibit  correspondingly  high  vaporization  rates,  and  serve  as  the  source 
of  shook  wave  disturbances  both  within  the  aerosols  and  in  the  surrounding  vapor.  The 
Increased  free  eleotron  collision  frequency  in  the  hot,  dense  vapor  adjacent  to  the 

aerosols  may  also  result  in  a  dramatic  reduction  (3-t  orders  of  magnitude)  in  the 

clean-air  breakdown  threshold.  The  study  of  these  phenomena  la  aided  by  the 

Identification  of  certain  characteristic  interaction  times  which  provide,  after  a 
given  irradiation  time,  a  measure  of  the  dominant  aerosol -beam  interactions.  The 
exlatanoe  of  thea.*  oiner  futurist  ic  times  is  especially  significant  in  the  case  of 

pulsed  bexea  since  aerosol-beam  interactions  occurring  on  a  time  aoale  long  compared 
to  the  pulse  length  will  make  only  a  negligible  contribution  to  the  behavior  of  the 
irradiated  aeroaola. 

If  the  beam  intensity  la  low,  approxlmata  analytical  expressions  may  be  obtained 

for  the  aaroael  temperature,  iaaa  flux  and  radlua  as  a  function  of  tlme(l).  These 

expressions  have  been  used  to  C'lloulate  the  response  of  water  droplets  to  pulsed  light 

bases.  Flgurea  1  and  2  illustrate  the  results  of  the-*;  caloulationa  for  selected 

droplets.  Figure  1  shows  the  increase  In  temperature  of  small  droplets  when  they  are 

irradiated  by  a  reotangular  pulaa  of  10p  radiation.  5usae  in  duration,  with  an 

S  2 

intensity  of  19  w/cm  .  The  smaller  droplets  reach  a  steady-state  temperature  in  a 
time  <  5y  sea  whereas  the  temperature  of  the  largest  droplet  continues  to  rlae 
throughout  the  pulse.  The  larger  dropleta  are  also  seen  to  return  to  ambient 
temperature  at  a  slower  rate  after  the  paaaage  of  the  pulse.  Figure  2  illustrates  the 
ohange  in  the  droplet  radlua  with  time  for  aeleoted  dropleta  irradiated  by  a  steady 

beam  of  10y  radiation  with  an  intensity  of  iO^W/om2.  The  curves  in  Fig.  2  have  been 

computed  under  the  assumption  that  the  droplet  temperature  remains  fixed  at  its 
initial  steady-stata  valua.  Raoant  detailed  numerical  oal oul atlona( 2 , 3 ) »  however, 
reveal  that  the  steady-state  droplet  temperature  generally  decreases  after  prolonged 
heating  so  that  the  eurves  given  in  Fig.  2  then  represent  excessive  estimates  of 
droplet  deoay. 

The  above  analysis  of  aerosol  heating  and  vaporization  is  valid  In  the  limit  of 
small  mass  flux.  This  will  always  be  the  oase  for  sufficiently  weak  incident  beams. 

As  the  beam  intensity  lnoreaaaa,  however,  both  the  aerosol  temperature  and  maas  flux 

rise,  and  the  above  analysis  no  longer  applies.  A  great  deal  of  lnformrtion  about  the 
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behavior  of  absorbing  aerosols  Irradiated  by  beans  of  arbitrary  Intensity  nay  be 

obtained  froo  the  analysis  of  steady-state  vaporlzation( 4) .  Corresponding  to  an 

l  11  2 

extremely  wide  range  of  incident  Intensities,  typically  10  <1<  10  W/cm  for  many 

aerosols,  a  steady-state,  developed  vaporization  regime  (DVR)  Is  established  In  the 

aerosol,  characterized  by  a  constant  temperature  and  mass  flux.  The  time  needed  tc 

establish  the  DVR,  which  Is  Inversely  proportional  to  the  bean  Intensity,  spans  the 

-10  -3 

corresponding  range  10  <  t^ <  10  see.  The  steady-state,  DVR  temperature, 

surprisingly,  varies  by  a  factor  of  only  about  3  over  this  range  of  Intensities  and 
tines. 

The  establl ahment  of  a  DVR  In  an  Irradiated  aerosol  requires  that  a  balance  be 

maintain?'*  between  vaporization  and  radiant  absorption.  The  effect  of  thermal 

conductivity  in  this  model  is  simply  to  define  the  heated  volume  of  the  aerosol  after 

a  given  irradiation  time.  In  this  discussion,  the  establishment  of  DVR  conditions  In 

spherical  aerosol  droplets  Is  Investigated.  Spherically  symmetric  heating  of  the 

droplets  Is  assumed.  However,  a  distinction  la  made  between  optically  thick  and 

optically  thin  droplets  according  to  whether  the  droplet  radius  a>6  or  <6  (6=*“*),  where 

ic  is  the  bulk  absorption  coefficient.  In  the  case  of  optically  thick  droplets,  4 

characteristic  Interaction  times  may  be  defined.  The  shortest  of  these,  the  acoustic 

time  (xfl),  provides  an  estimate  for  the  onaet  of  vaporization  after  the  arrival  of  the 

pulse.  The  remaining  three  are  thermal  diffusion  times,  and  provide  estimates  of  the 

times,  after  the  arrival  of  the  pulse,  when  conductive  heating  of  the  remainder  of  the 

droplet  begins  (xx),  when  the  droplet  has  become  uniformly  heated  by  conduction  (x  ), 

and  after  which  conductive  heat  losses  into  the  surrounding  medium  must  be  taken  Into 

account  (x  ).  It  Is  generally  true  that  the  inequalities  x  <<  x,  <<  x  <<  x  hold  so 
c  a  6  a  c 

that  a  time  line  may  be  established  delineating  the  dominant  aeresol-beam  Interactions 
after  a  given  irradiation  time.  For  the  case  of  optically  thin  droplets,  we  must  set 
tg  =  xq  with  a  corresponding  simplification  in  the  time  line. 

Figures  3  and  4  illustrate  the  establishment  of  DVR  conditions  In  an  optically 
thick  lOu  quartz  droplet.  Figure  3  plots  the  incident  intensity  as  a  function  of  the 
time  needed  to  reach  DVR  conditions.  Figure  4  Is  an  analogous  plot  of  DVR  temperature 
as  a  function  of  DVR  time.  For  this  droplet,  the  characteristic  times  are xa=2.0x 10~10 
sec,  xx=2.3x10~7  sec,  t  =2.3x10  5  sec,  and  x  =2.3x10  3  sec.  Figure  3  reveals  that  an 

o  O  C 

10  2 

Intensity  of  about  2.4x10  W/cm  Is  needed  to  "spontaneously"  (within  the  acoustic 


time, t^)  vaporize  the  6-zone  while  an  intensity  of  about  7.7x10  W/cm  will  establish  a 

DVR  in  the  tine  tc>  The  steady-state,  DVR  temperature  is  seen  from  Fig.  a  to  vary  by 

only  a  faotor  of  about  3  over  this  range  of  intensities.  Steady-state  conditions  also 

exist  for  times  >tc  with  the  distinction  that  conductive  coupling  to  the  surrounding 

medium  must  now  be  accounted  for.  Steady-state  droplet  behavior  in  the  presence  of 

thia  external  conductive  coupling  has  been  discussed  earlier  in  this  paper  for  the 

case  of  weak  beams  (1,2,3)  (see  Fig.  2).  A  perturbation  analysis  is  also  a v ai 1 abl e ( 4  ) 

to  probe  the  establishment  of  steady-state  conditions  for  times  >  . 

The  establishment  of  a  DVR  at  a  constant  temperature  and  mass  flux  requires  that 

a  balance  be  maintained  between  vaporization  and  radiant  absorption.  For  times  <tq  , 

however,  vaporization  is  absent  in  the  present  model  (it  is  certainly  suppressed  at 

these  early  times)  so  that  the  6-zone  may  reach  a  temperature  at  t  s  t  that  is  higher 

a 

than  the  DVR  temperature  corresponding  to  that  Intensity.  In  this  case,  the  6-zone 

temperature  will  subsequently  drop  to  the  steady-state,  DVR  value.  An  estimate  of  this 

temperature  overshoot  phenomenon  is  given  in  Fig.  5  for  a  10p  quartz  drop.  Figure  5 

9  2 

reveals  that  the  phenomenon  persists  for  intensities  >  5x10  4/cm  in  our  model.  We 
note,  however,  that  hydrodynamic  effects,  neglected  in  the  present  model,  should  be 
Included  in  a  complete  analysis  of  aerosol-beam  interactions  of  these  high  beam 
intensities . 

The  dominant  aerosol-beam  interactions,  which  lead  to  the  identification  of  the 
characteristic  times  discussed  above,  may  be  further  exploited  to  develop  an 
approximate  analysis  of  the  time  development  of  irradiated  aerosols  from  ambient  to  DVR 
conditions.  Figure  6  shows  the  time  development  of  an  irradiated  10  p  quartz  droplet 
for  several  representative  beam  intensities.  It  is  interesting  to  note  that  little 

g 

spontaneous  (within  the  time  )  heating  of  the  6 -zone  occurs  for  intensities  <10 

2 

W/cm  .  The  assumption,  used  in  the  present  model,  of  the  sudden  onset  of  vaporization 

8  2 

at  t  will,  therefore, not  introduce  a  significant  error  for  beam  intensities  <10  W/cm. 
a 

The  vaporization  model  discussed  in  the  preceeding  paragraphs  may  be  used  to 
estimate  the  aerosol -Induced  breakdown  threshold  using  a  model  of  this  phenomenon 
developed  el aewhere ( 5 ) .  Figure  7  shows  the  results  of  this  calculation  for  carbon 
spheres  together  with  available  experimental  data  on  carbon(6).  In  this  experiment, 
carbon  particles  were  irradiated  by  200  n  see  pulses  of  10. 6  v  laser  light  and  the 
observed  breakdown  threshold  plotted  against  particle  diameter  (  u  ).  The  model 


calculation  was  restricted  to  spheres  with  diameter  >ly  to  ensure  the  optical 
thickness  of  the  aerosols.  There  is  general  agreement  between  the  results  of  the 
model  calculation  and  the  experimental  data  points  but  discrepancies  exist  that  are  in 
excess  of  the  experimental  error  bars.  The  approximate  treatment  of  electron  loss 
mechanisms  in  the  cited  breakdown  model(5)  might  be  the  source  of  a  portion  of  the 
observed  discrepancy.  It  should  also  be  noted  that  the  formation  time  for  the  plasma, 
as  calculated  using  the  present  model,  is  less  than  the  DVR  time  for  particle 
diameters  <50y,  becoming  slightly  longer  than  the  DVR  time  for  larger  pw.tlcle 
diameters.  An  Improved  model  for  aerosol-enhanced  breakdown  should,  therefore, 
include  a  dynamical  analysis  of  the  irradiated  aerosol  from  ambient  to  DVR  conditions 
such  as  is  sketched,  in  approximate  form,  in  Fig.  6. 

The  results  of  this  modeling  study  suggest  several  areas  where  a  more  general 
treatment  of  aerosol-beam  interactions  is  needed.  First,  the  almpllf lcatlons 
introduced  into  the  modeling  analysis  by  the  introduction  of  the  characteristic 
interaction  times  suggests  that  the  Identification  of  such  times  for  other  aerosol 
geometries  and  heating  scenarios  merits  attention.  Second,  the  assumption  of 
spherically  symmetric  aerosol  heating  becomes  increasingly  invalid  for  large, 
optically  thick  aerosols  with  the  appearance  of  "hot  spots"  on  the  entrance  and  exit 
f aces ( 7 ) .  It  should  be  noted,  however,  that  the  spherical  heating  assumption  will 
have  only  a  minimal  influence  on  the  time  development  of  aerosols  irradiated  by 
sufficiently  weak  beams  where  the  DVR  time  >x  .  This  follows  since,  for  times  >x  , 

O  v 

the  aerosol  temperature  becomes  substantially  uniform  as  a  result  of  internal  thermal 
conductivity  effects.  For  more  Intense  beams,  where  the  DVR  time  <1^  ,  the  spherical 
heating  assumption  may  become  invalid.  Even  in  the  regime  of  higher  beam  intensities, 
an  extension  of  the  characteristic  time  analysis  to  include  an  approximate  treatment 
of  non-uniform  aerosol  heating  may  prove  valuable ( *») .  Finally,  hydrodynamic  effects, 
both  within  the  heated  aerosol  and  in  the  surrounding  vapor  should  be  investigated. 
They  will  become  increasingly  important  at  higher  beam  intensities  and  may  be  expected 
to  modify  the  aerosol  heating,  vaporization  and  subsequent  plasma  formation  scenarios 
sketched  here. 
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and  the  Graduate  Center*  of  the  City  University  of  New  York, 
New  York.  N.Y.  10031 


ABSTRACT 


This  paper  reviews  the  problems  concerned  with  absorption  of  a  high  energy 
laser  beam  in  an  aerosol,  and  its  coupling  to  hydrodynamic  motion.  The  electromag¬ 
netic  formulation  draws  on  work  appearing  in  the  1983  Chemical  Systems  Labora¬ 
tories  Conference  on  Obscuration  and  Aerosol  Research  under  the  title  "New 
Theoretical  Approach  to  Scattering  from  Thin  Fibers 


1.  INTRODUCTION 

As  indicated  in  previous  talks  in  this  session  by  Cipolla  and  Morse,  R.  Armstrong,  J.  R.  Brock,  J. 
E  Pendleton  and  R.  G.  Pinnick,  and  R.  K.  Chang  et.  aL,  the  problem  of  nonlinear  interaction  of  a  high 
energy  laser  beam  with  an  aerosol  is  a  difficult  problem.  Progress  can  be  made  by  a  number  of  drastic 
assumptions  -  such  as  uniform  absorption  of  laser  energy,  or  by  brute  force  code  that  will  work  for 
large  droplets  only  on  a  supercomputer. 

I  would  like,  at  least,  to  outline  the  nature  of  the  problems  to  be  solved  and  discuss  some  sym¬ 
metry  aspects  of  the  solution.  I  believe  in  the  divide  and  conquer  method:  divide  the  problem  into 
two  parts  -  one  of  which  is  easy.  Solve  the  easy  problem,  and  then  iterate  the  procedure  on  the  hard 
part.  Unfortunately,  as  I  shall  show,  the  first  step  is  not  possible  -  but  after  that  the  procedure  may 
work. 


The  first  step  is  to  give  separate  consideration  to  small  drops  (compared  to  the  wave-length)  and 
to  large  drops.  Each  of  these  cases,  however,  is  hard,  and  progress  can  only  be  made  by  a  further  sub¬ 
division. 


Work  at  City  College  supported  in  part  by  the  Army  Research  Office,  and  the  Chemical 
Research  and  Development  Center. 


A.  SMALL  DBOPS 


Small  drop*  are  easy,  because  the  absorption  is  approximately  uniform.  The  electromagnetic 
part  of  the  problem  has  a  quasi -electrostatic  solution  of  a  form  known  to  Rayleigh.  However,  it  may 
happen  (depending  on  the  altitude)  that  the  collision  mean  free  path  in  the  vapor  surrounding  the 
drop  is  now  comparable  to  the  drop  «i»-  In  this  case,  the  vapor  can  not  be  treated  using  hydrodynam¬ 
ics,  but  one  must  employ  transport  theory  ineteaH,  without  using  a  diffusion  approximation.  One  may, 
however,  be  able  to  make  a  diffusion-type  approximation  provided  that  one  introduces  the  concept  of 
an  extrapolation  length  as  introduced  in  neutron  transport  theory  1  and  applied  to  spherical  geometries 
by  Marshak  and  others2  Of  course,  the  neutron  procedure  is  not  adequate,  since  one  must  take  explicit 
account  of  factors  such  as  the  latent  heat  of  vaporization  and  the  possibility  of  explosive  vaporization. 
In  this  case,  the  electromagnetic  problem  is  trivial,  but  the  transport  problem  is  not. 

For  short  times,  and  high  powers,  however,  a  shock  will  develops  and  it  should  be  possible  at 
these  times  to  neglect  the  reaction  of  the  atmosphere  on  the  drop. 

B.  LARGE  DROPS 

For  large  drops,  transport  theory  is  unnecessary*,  hydrodynamics  with  mass  and  energy  tran¬ 
sport  are  adequate,  but  the  electromagnetic  problem  is  difficult  -  the  absorption  can  he  highly  non- 
uniform  since  the  spherical  drop  can  act  as  a  lens  with  focussing  properties  that  will  produce  highly 
non-uniform  fields,  hence  a  highly  non-uniform  absorption.  Since  vaporization  is  sensitive  to  the  max¬ 
imum  temperature  reached,  not  the  average  energy  absorbed,  a  highly  lion-symmetric  hydrodynamic 
response  can  occur.  Moreover,  this  hydrodynamic  j  espouse,  with  possible  development  of  a  shock 
wave  will  modify  the  electromagnetic  response  by  modifying  the  index  of  refraction. 

I  would  now  like  to  consider  symmetry  aspects  of  thr  electromagnetic  solution.  In  particular,  I 
will  assume  that  because  of  energy  absorption  and  the  resulting  droplet  motion,  the  dielectric  response 
(which  is  proportional  to  the  local  deaaity)  pcasesaes  cylindrical  symmetry  -  with  its  axis  along  the 
direction  of  propagation  of  tbs  incident  beam.  Will  the  electromagnetic  absorption  be  such  as  to  main¬ 
tain  this  cylindrical  symmeti'y"  Like  all  good  questions,  the  answer  to  this  is  yes  and  no! 


*B.  Davison  and  J.  B.  Sykes,  Neutron  Transport  Theory,  Oxford  Univ.  Press  (1957), 
2R.  E.  Marshak,  Phys.  Rev.  71,  943  (1947). 
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2.  KLECTROMAONKTIC  FORMULATION 


An  exact  integral  formulation  for  a  scatter  er  daacribad  by  a  complex  index  of  refraction  n 
fir)  -  E*«(r)  +  k* F  +  $  (  $  •  fir)) 


fir)  *  [nKr'M}  firOdr*. 


where 


and  k  -  o>/  c. 


R2  =  Ir  —  r'l2  =  (:-z'F  +  pJ+p'!  -  2 pp*  codt<f>—4>  *) . 


Symmetry  about  an  axis  can  be  exploited  by  making  the  expansions 
fix , p/f>)  «  £  txfiim <j>) 


Fiz,p/f>)-  £  Fm(z,p)exp(im^) 


where 


F m(z,p)=  \fGm(z -z  \p.p *) [n 2(x  \ p ')— l]  E„ (r  *, p Op *d p 'dz  * , 


Gm{z-z\p.p‘)=  J-  f’d*  e**. 


This  results  in  a  set  of  equations  for  the  triplet  £m++j  and  £■„"_!  where 


£  +  =  +  <  £,  ;  E~  -  Ez  —  i  Ey 


are  components  of  circular  polarization: 


Elm  =C‘+  + 


9 _  rx  a  l  1  9  _  ^  1  9  u  — 


2  |dp  p  \d* 


1  d  .  m+l  ♦ 

4*  -x-  —  T  —  —  -r—*'*  m  -f  1 

J  Bp  p  d* 


+  **+ 


if*- 


(m+l)» 


+  JL-™  -  1  JL 
dp  p  a*  *  t  ap 


a,o> 


+ 1** + Ih +  ?  I v Fi 


1  d+”»  $  ,  m+1  L 

2  dp  p  6p  p  r  * 


where 


^  p  dp  ap 


(2.11) 


(2.12) 


Equation  (2.11)  can  be  omitted  in  the  future,  since  it  can  be  replaced  by  the  simpler  statement 


with  the  upper  sign,  the  important  case  for  thin  scatterers,  used  below. 


(2.13) 


3,  CROSS-SECTIONS 


The  absorption  croas-eection  can  readily  be  shown  to  take  the  form: 


cr,*,  «  *  Im  /(n2~l)  r 


Equation  (3.1)  can  be  given  the  interpretation  that  the  attenuation  constant  is 

a  *  k  Im  n2  (3J 

It  must  be  remembered,  however,  that  the  squared  index  of  refraction,  or  at  least  n2— 1,  is  propor¬ 
tional  to  the  local  density,  and  the  latter  is  to  be  determined  by  solving  the  hydrodynamic  equations 
self -consistently  with  the  held.  Whereas  the  total  scattering  cross-section  into  polarization  e  can  be 
written: 


<*«  * 


(3.3) 


k^_ 

Air 


/  le-g (8 ^») 1 2 


d  n 

4tt 


where  the  scattering  amplitude  g  is  defined  by 

g(fi ^»)  *=  exp  [— i*  n-r }[n 2 (r)—  1  ]  E(r)rf  r 
Complete  results  can  be  obtained  by  inserting  the  expression  Eq.  (2.4)  for  ECrX 


(3.4) 


4.  SPATIAL  DEPENDENCE  OF  ABSORBED  ENERGY 

If  a  sphere  is  illuminated  by  a  beam  propagating  in  the  s  -direction,  will  the  absorbed  energy 
'assess  azimuthal  symmetry  about  the  z  -axis?  Let  us  assume  that  n  Kt)  possesses  this  cylindrical  sym- 
ietry  before  illumination.  If  the  answer  to  the  above  question  is  yes,  then  this  symmetry  will  be 
aaintained  in  the  nonlinear  case. 

Although  the  integral  equation  Eq.  (2.1M2.3)  can  be  attacked  directly,  via  numerical  tech¬ 
niques,  it  is  advantageous  to  exploit  the  rotational  Symmetry  by  exploiting  the  Fourier  expansion  in 
the  azimuthal  angle  of  Eqs.  (2.4)  and  (2_5). 


For  the  case  of  on-axis  illumination  the  incident  field  has  the  form 

=  e  exp (ikz  coe0  0)J„  ik  psinO  0)  (4.1) 

with  0O  ~  0.  Thus 

E^  =  e  exp(ikz)6(m,0)  (4.2) 

vanishes  for  m  ^0.  Moreover,  the  polarization  vector  e  is  perpendicular  to  the  z  direction,  so  that 

Eg*1  (4-3) 

The  only  surviving  incident  fields  are  Eo  and  E  0-.  The  first  gives  rise  to  the  triplet 


U_  4  II 

F-  +  la  _  1 

d  p * 

+  1  ±-~  1 

- 7 

H 

4 

, 

F-2  +  «p  p 

T  dp  p 

The  second  gives  rise  to  the  dual  triplet 


*„-<w )  -  .-««**.>  +  p*  *)r.-  ♦  }  £'1  + 1  |£  ■ ♦  i  & ♦  ) 

*><">  ■  °  ♦  b  &h + *  t+ }|&f  • +  - 1 + ; 1  zf! 

°*  ♦  \w~7\irF'  ♦i[fr-y|£«'  (4j: 

For  right  (or  left)  circular  polarization  only  the  first  (second)  triplet  survives.  For  linear  polariza¬ 
tions,  the  second  set  of  amplitudes  is  equal  to  the  first  set  (except  possibly  for  sign).  Thus,  only  one  set 
of  three  coupled  equations  need  be  solved. 

Although  the  combination  of 

Efte)  +  £‘-i(p^)eH#  +  EZ2fa  )*-*♦,  (4.6: 

appears  to  display  an  angular  dependence  to  I E 1 2  we  have  to  remember  that  these  three  components 
are  vectorially  orthogonal  to  each  other: 

E  =  £0+(p.*)yC*+iy)  +  Eti(fi^)e~‘*z  +  Eliipj  )e-2,4y(i  —iy  )  (4.7: 

where  x  ,y ,  and  z  are  the  three  cartesian  unit  vectors,  so  that 

IE!2*=y  I E o  (PtZ ) 1 2  +  \E‘-i(pj)\2  +  y  \EIite)'2,  (4.8: 

is  indeed  independent  of  <fx  The  above  result  is  quoted  for  the  case  of  right  circular  polarization. 

More  generally 

E  =  Eq  y(i +#)  +  £„'  |G-iy)  +  £r2  y  (x  -iy  4  E}  y  Cx+iy'k** 

+  E i,  z  «H*  +  E\  z  e‘*  (4.9: 

If  the  incident  field  is  polarized  in  the  i  direction 

E^te  )  =  E*te  )  ;  EUnte  )  =  Bite  )  .  (4.1o: 

then 

Ee  b  +  Ef  ea4|i(x+iy)+  +EI#-2i  +  \  ’Cc-iy)  +  Eh  2 z  cos#  ,  (4.1 1: 


!EIj*t  l£o'+£-j«2'*la+  7  \EZ+EI*~*+\2  +  l£l,  l24cos2*. 


(4.12) 


is  4>  dependent  in  this  case  of  plane  polarization. 


5.  SUMMARY 

We  see  that  for  circularly  polarized  radiation  (and  for  geometrical  optica  -  a  result  not  proven 
hereX  the  absorption  will  retain  cylindrical  symmetry.  Although  this  will  not  be  true  in  general,  it 
seems  useful  to  force  this  assumption  on  our  problem  since  it  reduces  any  calculations  from  three  spa¬ 
tial  dimension*  to  two  dimensions.  Computation  time  could  be  reduced  by  orders  of  magnitude.  This 
reduction  is  absolutely  necessary,  even  on  a  supercomputer,  when  one  couples  in  the  hydrodynamic^ 
and  treats  the  problem  in  a  time-dependent  way. 

A  treatment  of  the  full  problem  should  be  coupled  with  an  experimental  investigation  of  the 
spatial  distribution  of  the  absorption  energy,  and  the  associated  hydrodynamic  response.  A  C02  laser 
could  be  used  to  irradiate  a  large  drop  (more  than  10  microns  in  size)  and  an  optical  laser  beam, 
and/or  time  dependent  spectroscopy  could  be  used  to  probe  the  response. 
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ABSTRACT 

One  commercial  1y  available  non-resonant  spectrophor.e  (Burleigh  PAS-100)  and  two  laboratory  made 
spectrophones  -  one  operating  In  a  Helmholtz  resonant  mode,  and  the  other  operating  In  a  longltudl nal  ly 
resonant  mode  -  were  evaluated  for  their  sensitivity  In  measuring  particulate  mass  concentration  of 
aerosols  In  real  time.  A  major  foci'.<  of  this  study  was  to  determine  the  response  of  the  spectrophone 
to  vibration  and  acoustic  noise  sources  related  to  measurements  made  on  board  an  aircraft  or  other 
moving  vehicle,  and  to  develop  methods  for  minimizing  these  noise  contributions.  To  compensate  the 
noise  contribution  arising  *rom  vibration,  an  accele*ameter  or  a  second  microphone  was  used  so  that  Its 
signal  generated  by  vibrations  was  of  opposite  polarity  to  that  of  the  spectrophone.  The  two  signals 
were  added  for  automatic  compensation.  In  this  winner,  the  effect  of  vibration  could  be  reduced  by 
approximately  40  dB.  Acoustic  Isolation  was  found  effective  against  broadband  noise  with  a  sound  power 
level  of  up  to  100  dR.  Both  the  Burleigh  ?oectrophone  and  the  Helmholtz  resonant  spectrophone  suffered 
from  window  noise.  The  longitudinally  resonant  spectrophone  did  not  have  optical  windows.  It  provided 
the  qreatest  sensitivity  of  3.0  x  10’7  m-1  with  one  watt  of  chopped  laser  rower,  While  actual  in¬ 
flight  data  are  needed  for  an  evaluation  of  tne  spectrophone  for  aerosol  neasurements  with  respect  to 
sensitivity  and  immunity  from  external  noises  and  Interference  from  gaseous  absorbers,  It  was  found 
that  a  longitudinally  resonant  photoacoustic  cell  with  an  appropriate  nulling  system  and  acoustic 
Insulation  may  provide  the  desired  sensitivity  and  signal -to-nolse  ratio  for  rapid  measurement  of  mass 
concentration  of  aerosol  particles. 

The  continuing  work  will  Include  testing  the  resonant  spectrophones  for  automatic  compensation 
when  they  are  subjected  to  both  noise  sources  of  vibration  and  sound.  Investigating  the  use  of 
spectrophones  for  making  real-time  in-sltu  mass  concentration  measurements  on  various  aerosols,  and 
making  in-flight  evaluation. 


INTRODUCTION 

While  photoacoustic  methods  are  applicable  to  real-time  mas;  concentration  measurements  under 
certain  conditions,  a  major  problem  arises  in  using  these  methods  for  airborne  measurements  since 
microphones  used  In  photoacoustic  cells  are  sensitive  to  the  vibration  and  acoustic  noise  which  are 
generally  encountered  onboard  aircraft.  In  the  frequency  range  of  75  to  1000  Hertz, the  airframe  of  a 


Jet  transport  plane  can  typically  reach  vibration  accelerations21  of  10  g,  where  g  Is  the  acceleration 
due  to  gravity.  Measurements  made  by  Langley  Research  Center22  aboard  a  CV-990  aircraft  show  peak 
vibrations  of  the  floor  rail  within  a  one  Hertz  bandwidth  at  frequencies  In  this  range  to  be  0.17  g 
under  conditions  of  normal  smooth  flight.  Acoustic  noise  can  reach  levels  In  excess  of  100  dfi.  Real 
time  measurements  of  particulate  mass  concentrations  of  aerosols  are  often  desired  for  studying 
atmospheric  dispersions  and  obscurations.  Measurements  of  light  absorption  by  atmospheric  aerosols 
have  been  carried  out  In  three  ways: 

1)  airborne  devices  have  been  used  to  determine  the  radiative  flux  divergence  In  layers  of  the 
atmosphere  which,  on  subtracting  the  calculated  gaseous  conponent,  yields  the  aerosol  absorption 
component.3-6  Careful  Instrumentation  Is  necessary  and  long  term  averaging  Is  required  due  to 
Inhomogeneities  In  the  surface  albedo. 

2)  absorption  analysis  of  filter-collected  aerosol  particle  samples  has  been  carried  out.2*® 
There  Is,  however,  the  possibility  that  the  sample  will  be  modified  by  collection  especially  In  the 
case  of  liquid  or  liquid-coated  particles. 

3)  absorption  coefficients  have  been  Inferred  from  the  scattering  properties  of  the  aerosol. 10»11 
This  requires  detailed  Information  on  the  scattering  properties  to  carry  out  the  required  Mle 
calculations. 

These  methods,  while  provldlnq  good  estimates,  are  hased  upon  Indirect  means  of  calculating  the 
llqht  absorption  by  particles.  Photoacoustic  techniques12*20  offer  a  method  of  measuring  absorption  of 
light  by  aerosol  particles  directly.  Absorption  sensitivities  as  low  as  10-8  m*1  have  been  reported 
us:  ohotoacoustlc  cells.12  The  Instrument  provides  temporal  and  spatial  resolution  suitable  for 

atmospheric  neasurement.  The  technique  has  oeen  applied  to  the  study  of  liquids,  gases  and  solids. 
Several  researchers  have  used  photoacoustics  for  the  study  of  aerosol  absorption  In  both  laboratory  and 
field  environments.  Olesel  exhaust13*18,  acetylene  smoke16,  NaCl,  NIC^,  cigarette  smoke12,  silica 
dust18,  and  ambient  aerosols 10,20  have  been  studied  using  photoaccustlc  techniques.  Roessler16  has 
shown  that  either  opacity  measurements  or  photoacoustlcally  measured  absorption  can  be  used  to  measure 
the  mass  concentration  of  the  particulate  component  of  exhaust  from  an  automotive  diesel  engine  with  an 
uncertainty  of  about  20  percent. 

When  llqht  energy  Is  absorbed  by  a  particle,  molecules  of  the  particle  are  excited  to  higher 
potential  energy  states.  In  general,  this  absorbed  energy  results  In  'eating  of  the  particle  with 
subsequent  transfer  of  the  heat  to  the  surrounding  gas.  If  the  sample  aerosol  Is  contained  In  a  closed 
cell,  this  heating  of  the  gas  results  In  an  Increase  in  the  pressure  within  the  cell.  If  the  light 
source  Is  Intensity  modulated  >r  chopped,  then  pressure  variations  will  occur  In  the  cell  at  the 
modulation  frequency.  These  pressure  variations  can  be  detected  with  a  microphone.  The  cell  with 


windows  and  microphone  Is  called  either  a  photoacoustic  cell  or  a  spectrophone. 

When  the  light  source  Is  only  weakly  attenuated  In  the  spectrophone,  the  microphone  signal  S  Is 
given  by 


S  -  RBAaMcW,  (1) 

where  W  Is  the  time  averaged  power  of  the  light  source,  Ag  Is  the  specific  absorption  with  units  of 
Inverse  length  per  unit  mass  concentration,  Mc  Is  the  sample  mass  concentration,  R  Is  the  responslvity 
of  the  spectrophone  which  depends  on  the  cell  geometry  and  the  microphone  sensitivity,  and  R  Is  the 
fraction  of  the  absorbed  optical  energy  that  Is  converted  Into  translational  energy  of  the  gas 
molecules.  For  fixed  physical  and  chemical  make  up  of !  the  particles  and  a  fixed  light  source  Ag  Is  a 
constant.  Hence,  S  Is  proportional  to  the  mass  concentration  of  particulates  In  the  aerosol. 

EXPERIMENTS 

Three  spectrophones  were  tested  for  their  sensitivity  In  making  light  absorption  measurements:  1) 
a  Rurlelgh  Instruments,  Inc.,  PAS-100  non-resonant  spectrophone,  2)  a  laboratory-built  Helmholtz- 
resonant  spectrophone  and,  3)  a  laboratory-built  longltudlnally-resonant  spectrophone.  The  Burleigh 
spectrophone  was  tested  for  vibration  and  sound  sensitivity  and  methods  for  Isolation  from  these  noise 
sources  were  Incoroorated  Into  the  system.  Light  absorption  measurements  on  aerosols  were  made  using 
the  Rurlelgh  and  longitudinally  resonant  spectrophones. 

The  Rurlelgh  spectrophone  had  an  optical  pathlength  of  9  cm  along  a  cylindrical  gas  cell  of  8  mm 
diameter.  It  was  constructed  of  type  316  stainless  steel.  Brewster's  windows  made  of  calcium  fluoride 
were  mounted  at  the  ends.  A  microphone  was  mounted  In  the  wall  at  the  bottom  center  of  the  main 
cylinder  and  a  single  valve  was  mounted  near  one  end. 

The  ma^n  cylinder  was  modified  for  our  experiments  by  adding  a  second  valve  near  the  opposite  end 
from  the  original  valve  and  by  mounting  a  second  microphone  (Knowels  model  1759)  diametrically  opposed 
to  the  original  microphone.  This  microphone  could  be  replaced  by  a  plate-mounted  accelerometer 
(Endevco  mndr-l  22?:0C).  The  first  of  these  modifications  allowed  gases  to  flow  through  the  cell,  thus 
permitting  rr  nt . '\teos  measurement.  The  second  modification  was  part  of  a  vibration  nulling  system. 

Tn«  exp.r*  "■•"•nual  -''  rangement  used  to  test  the  Burleigh  spectrophone  Is  shown  In  Figure  1.  A 
Rnf i :i  n; oil  v.';',pp<-r  v/rs  used  to  modulate  the  beam  from  an  argon-ion  laser  operating  at  488  nm.  An 
E  ft  ft  ft  i  i  1  .''h",  '•  ock -1  r :  ••**: .fl  i  fler  was  used  to  detect  the  photoacoustic  signal  generated  In  dilute 
N02.  Oas  fr.-j-  •»  tank  of  p:  *<»«.* xcd  N02  In  air  at  10  ppm  was  mixed  with  !«2.  Flow  rates  and,  hence,  NOg 
concentration  were  varied  by  control ng  the  upstream  pressure  to  the  capillary  tubing.  Saltzman's 
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reagent^  was  used  to  measure  the  NOg  concentration  of  the  gas  flowing  through  the  spectrophone.  Flow 
rates  of  one  to  three  cm^/s  were  used  during  photoacoustic  measurements. 

A  Rruel  and  Kjaer  PM  vibration  exciter  type  4809  was  used  to  subject  the  Burleigh  spectrophone  to 
both  sinusoidal  and  broadband  vibrations.  The  signal  from  either  the  Knowles  microphone  or  the 
accelerometer  was  added  to  that  of  the  spectrophone  to  reduce  the  spectr op  hone's  response  to  vibration 
noise. 

The  response  of  the  spectrophone  to  external  acoustic  noise  was  examined  by  placing  the 

spectrophone  In  a  chamber  and  subjecting  it  to  sound  power  levels  of  up  to  108  dR.  The  chamber  was  a 

box  made  of  plywood  1.9  cm  thick.  It  was  1.2  m  high,  1.5  m  long,  and  1.4  m  deep.  Several  dispersive 

elements  were  placed  In  the  corners  to  reduce  the  possibility  of  specific  resonances.  Two  speakers  30 

cm  In  diameter  were  placed  in  the  chamber  and  driven  by  sinusoidal  signals  or  by  broadband  noise.  For 

acoustic  Isolation  a  box  made  of  3.2  mm  thick  aluminum  and  lined  with  4.5  cm  thick  cellular  foam  was 

placed  over  the  spectrophone.  The  response  of  the  spectrophone  to  acoustic  noise  was  measured  with  and 

without  the  Isolation  box  while  the  spectrophone  was  sitting  on  vibration  Isolators  on  the  bottom  of 

the  chamber.  A  GENRAn  1988  precision  Integrating  sound  level  meter  and  analyzer  were  used  to  measure 

the  sound  power  level  in  the  chamber.  A  Hewlett  Packard  spectrum  analyzer  model  186A  was  used  to 
*! 

measure  the  responses  of  the  spectrophone  and  the  sound  level  meter  to  frequencies  of  sound  between  0 
and  2000  Hertz  and  to  broadband  noise. 

The  Helmholtz  resonant  spectrophone  is  shown  in  Figure  2.  It  consisted  of  two  identical 
absorption  chambers  12.7  cm  long  and  1.27  cm  in  diameter  joined  at  their  longitudinal  midpoints  by  a 
connecting  tube  8  cm  long  and  0.46  cm  in  inner  diameter.  The  material  was  type  316  stainless  steel. 
Brewster's  angle  windows  were  mounted  on  the  ends  of  the  absorption  chambers.  The  resonant  frequency 
was  measured  to  be  242  Hz  and  the  resonance  gain  was  16. 

At  resonance  the  pressures  in  the  two  absorption  chambers  were  180  degrees  out  of  phase  with  each 
other.  It  was  therefore  possible  to  use  both  halves  of  the  chopped  laser  beam,  thus  increasing  the 
photoacoustic  signal.  The  optical  system  for  this  is  shown  in  Figure  2.  The  chopper  had  eight  blades 
and  was  made  from  a  plexiglas  disk  0.95  cm  thick  and  10  cm  in  diameter.  The  laser  beam  was  displaced 
rather  than  blocked  by  the  blades  so  that  it  could  be  directed  alternately  through  the  two  absorption 
chambers. 

The  thi^d  spectrophone  tested  was  a  double-open-ended  tube  operated  in  its  first  longitudinally 
resonant  mode.  A  type  316  stainless  steel  tube  20  cm  long  and  with  an  inner  diameter  of  0.46  cm  was 
used.  A  Radio  Shack  270-092A  electret  condenser  microphone  was  glued  over  a  3.2  mm  hole  in  the  wall  at 
the  center.  The  first  longitudinal  resonance  was  at  814  Hz  and  the  resonance  gain  was  16.  This  tube 
was  housed  Inside  a  5  cm  i.d.  by  90  cm  long  tube  for  acoustic  isolation  from  laboratory  noises.  Sample 
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flow  rates  of  10  -  15  cnr/s  were  used.  Figure  3  shows  the  experimental  arrangement  for  making 
measurements  of  light  absorption  hy  aerosols  using  this  spectrophone. 

Measurements  of  the  absorption  of  488  nm  laser  light  by  cigarette  smoke  were  made  simultaneously 
with  measurements  of  the  particle  size  distribution  and  the  approximate  number  concentration  of 
particles  using  a  single  particle  aerodynamic  relaxation  time  (SPART)  analyzer. ^  The  aerosol  chamber 
was  a  cube  one  meter  on  an  edge.  It  contained  an  Internal  mixing  fan  and  an  exhaust  blower  for 
flushing  out  aerosols.  The  sample  flow  rates  for  the  spectrophone  and  the  SPART  were  both  set  to 
around  10  cm^/s.  A  cigarette  was  allowed  to  burn  In  the  chamber  until  the  count  rate  meter  on  the 
front  panel  of  the  SPART  reached  about  200/s  (about  10-15  seconds).  The  spectrophone  signal  was 
recorded  while  the  particle  count  rate  gradually  dropped.  This  procedure  was  repeated  using  0.9  pm 
NaCl  generated  with  a  OeVIlblss  ultrasonic  nebulizer  model  35B  and  1,09  urn  polystyrene  latex  spheres 
(PIS)  aerosols  generated  with  a  Rard-Parker  pneumatic  nebulizer. 


RESULTS  AM  DISCUSSIONS 

Table  I  shows  the  res  pons  1  wl  ties  and  sensitivities  of  the  three  spectrophones.  The  average  power 
of  the  chopped  laser  beam  was  assumed  to  be  one  watt  In  each  case. 

Table  1 

Sensitivity  (m*M  Responslvlty 

Burleigh  6.5  x  10'6  0.077  V/rrKW  (100  Hz) 

Helmholtz  2.5  x  10'6  0.26  V/rn^-W  (242  Hz) 

Longitudinal  3  x  10*7  0.32  V/m*^*W  (814  Hz) 

The  sensitivities  reported  here  are  for  a  one  second  time  constant  on  the  lock-in  amplifier  and 
for  a  signal -to-nol ro  ratio  of  one.  The  noise  levels  were  measured  under  ambient  laboratory  conditions 
with  no  absorber  In  the  spectrophone.  Figure  4  shows  an  absorption  measurement  made  on  25  to  30  ppb 
NO?  m  *2  flowing  at  a  rate  of  10  cm^/sec  through  the  longitudinally  resonant  spectrophone.  The  noise 
level  of  the  spectrophone  output  with  a  continuous  flow  was  about  three  times  that  with  no  flow.  The 
average  laser  power  was  200  <t*i  and  the  time  constant  on  the  lock-in  amplifier  was  one  second. 

The  Burleigh  spectrophone  was  found  to  have  a  response  to  sinusoidal  vibrations  of  1.3  mV/g  where 
g  Is  the  acceleration  due  to  gravity.  Figure  5  Illustrates  the  degree  of  vibration  Isolation  achieved 
with  t.ht  nulllnq  circuitry.  Broadband  /Ibratlon  was  applied  with  an  rms  acceleration  of  0.02  g/(Hz)*^ 
at  4no  Hz.  Seeti  -n  («)  if  the  trace  (Fig.  5)  shows  the  lock-in  amplifier  output  for  the  situation 
where  the  signal  f~cm  the  Knowles  microphone  was  added  to  the  signal  from  the  spt’itrophone,  Section 
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(b)  of  the  trace  was  made  with  the  Knowles  microphone  disconnected.  The  noise  was  reduced  by  nearly  40 
d8  with  the  summing  circuit.  Section  (c)  of  the  trace  was  the  background  noise  level  with  no 
vibration.  These  results  were  obtained  with  the  spectrophone  valves  closed,  with  Ng  In  the 
spectrophone  and  with  250  n#  of  chopped  laser  power  passing  through  It.  Similar  vibration  noise 
reduction  was  achieved  with  the  accelerometer. 

Figure  6  shows  an  absorption  measurement  for  7.6  ppm  NOg  In  air  while  nulling  vibrations  with  the 
Knowles  microphone  circuit.  The  gas  was  flowing  through  the  spectrophone  at  1.1  cm3/s.  The  nulling 
Improved  the  signal  to  noise  ratio  by  20  dB.  The  noise  was  not  reduced  as  much  as  with  the  valves 
closed  probably  due  to  acoustic  noise  entering  the  spectrophone  through  the  flow  tubes.  Bandpass 
filters  were  used  In  the  nulling  circuits  since  the  lock-in  amplifier  did  not  eliminate  odd  harmonics 
of  the  detection  frequency.  At  these  higher  frequencies,  the  relative  phase  shifts  In  the  nulling 
circuit  were  different  than  the  phase  shift  for  the  fundamental  and  hence  compensation  was  not 
effective  over  the  entire  spectrum. 

Mechanical  Isolation  aqalnst  vibration  was  tested  using  a  two  Inch  thick  cellular  foam  pad  placed 
between  the  spectrophone's  baseplate  and  the  vibration  exciter.  This  arrangement  provided  30  dB 
Isolation  from  sinusoidal  vibrations  at  100  Hz  and  60  dB  at  frequencies  above  400  Hz. 

Using  broadband  acoustic  noise  with  a  sound  power  level  of  108  dB  the  spectrophone  noise 
Increased  a  maximum  of  6  dB/fHz)1/^  in  the  50  to  2000  Hz  frequency  range.  When  the  speakers  were 
driven  with  a  single  frequency  sinusoidal  source  such  that  the  sound  power  level  at  the  spectrophone 
was  100  dB,  the  spectrophone  response  was  18  dB  above  its  background.  The  acoustic  Isolation  box 
reduced  this  response  by  10  -  15  dB  for  frequencies  between  500  and  1000  Hz  but  did  not  reduce  the 
response  for  frequencies  below  300  Hz. 

Figure  7  shows  the  experimental  data  on  the  number  concentration  of  cigarette  smoke  particles 
measured  hy  the  SRART  analyzer  plotted  against  the  photoacoustic  signal  from  the  longitudinally 
resonant  spectrophone.  A  count  rate  of  10  partlcles/s  on  the  SPART  analyzer  corresponded  to  a 
concentration  of  200  partlcles/cm^.  Figure  8  shows  the  spectrophone  signal  for  filtered  air,  roan  air, 
and  dilute  cigarette  smoke.  The  chopped  laser  power  at  the  spectrophone  was  about  200  mu  and  tha  lock- 
in  amplifier  was  set  for  a  •  second  time  constant.  The  signal  with  filtered  air  was  probably  due 
primarily  to  absorption  in  the  windows  or  cell  walls,  however,  the  possibility  of  a  background  gateous 
absorber  was  not  eliminated. 

The  background  noise  level  of  less  than  100  nV  and  the  absorption  signal  for  cigarette  smoke  of 
about  thrae  pV  per  100  particles/cm3  indicates  a  detaction  limit  of  about  thraa  partlcles/cm3.  The 
particle  concentration  at  which  the  spectrophone  signal  begins  to  saturate  was  net  determined. 

The  photoacoustic  signal  from  NaCl  particles  was  found  to  be  humidity  dependent  and  was  nearly 
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three  orders  of  magnitude  less  than  for  cigarette  smoke  for  an  equal  particle  concentration.  The 
photoacoustic  signal  from  PIS  particles  was  two  orders  of  magnitude  less  than  for  cigarette  smoke. 

The  longitudinally  resonant  spectrop hone  was  the  simplest,  least  expensive  and  most  sensitive  of 
the  three  spectrophones  tested  and  since  It  was  windowless,  contamination  problems  were  minor.  The 
photoacoustic  signals  generated  by  light  absorption  In  the  windows  of  the  Rurlelgh  and  Helmholtz 
resonant  spectrophones  were  found  to  vary  due  to  contamination  of  the  windows.  These  variations  were 
at  levels  significantly  greater  than  the  background  noise  and,  hence,  decreased  the  sensitivity  of  the 
two  systems  with  respect  to  that  shown  In  Table  1.  Continuous  flow  and  window  purging  with  clean  air 
would  be  necessary  to  allow  them  to  be  used  with  aerosols. 

Isolation  of  a  non-resonant  spectrophone  from  the  vibration  and  acoustic  noise  present  on  an 
airplane  appeared  to  be  quite  feasible.  An  estimated  40  dB  reduction  in  vibration  could  be  obtained 
with  commercial  mechanical  vibration  Isolators. *  The  electronic  nulling  circuitry  used  here  supplied 
an  additional  35  dB.  The  nms  vibration  level  measured2  on  board  the  CV-990  aircraft  of  0.17  g/(Hz)^2 
and  the  spectrophone  response  of  1.3  mV/g  give  an  expected  rms  noise  due  to  vibration  of  0.2 
mV/(Hz)-/2.  Reducing  this  by  75  dR  yields  a  vibration  noise  of  35  nV/(Hz)^2.  The  noise  level  cf  the 
spectrophone  was  500  nV/(Hz)1/2  at  100  Hz  and  was  Inversely  proportional  to  the  detection  frequency. 

Acoustic  Isolation  from  high  level  broadband  noise  appears  to  be  easily  achieved.  If  high  level 
single  frequency  sources  exist  on  an  airplane.  It  should  be  possible  to  simply  use  a  chopping  frequency 
several  Hz  away  from  them. 
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Figure  1.  Experimental  arrangement  for  making 
light  absorption  measurements  and  vibration 
measurements  with  the  Rurlelgh  Spectrophone. 


Figure  2.  Helmholtz  Resonant  Spectrophone.  The 
refradTon  plate  chopper  allows  the  spectrophone 
to  be  driven  by  both  halves  of  the  chopped  laser 
beam. 


LOCK -IN 

amplfcr 


STRIP  CHART 
RECORDER 

— fS 


< 

x 

<0 

5  0** 
V 


CHOPPER 


LASER 


MICROPHONE 

/  AC0U8TIC  ISOLATION  TUBE 


NEEDLE  VAVLE 


J  L-j  FILTER  1 

SPECTROPHONE 


VACUUM 


8PART 

ANALYZER 


AEROSOL 

CHAMBER 


Fiqure  3.  Lonql tudl  nal  ly  Resonant  Spectrophone.  _ 
rxperlmi'ntal  arrangement  for  maklnq  photoaccwstic 
measurements  and  particle  concentration  measure¬ 
ments  on  an  aerosol. 


Fiqure  4,  Measurement  of  Light  Absorption  by  NO^ 
TntTTTongl  tudlnally  Resonant  Spectrophone.  The 
lock-in  amplifier  time  constant  was  one  second  and 
the  gas  flow  rate  was  10  cmJ/second.  The  no2 
concentration  was  25  -  30  ppb  In  N2. 
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Figure  5.  Reduction  of  the  Vibration  Response  of 
the  Burleigh  Spectrophone.  During  traces  (a)  and 
(h)  the  spectrophone  was  subjected  to  broadband 
vibrations.  In  (a)  the  noise  of  the  spectrophone 
was  reduced  by  subtracting  from  It  the  signal  from 
the  Knowles  microphone. 
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Figure  7.  Photoacoustic  Signal  from  Cigarette  Smoke 
dotted  as  a  Function  of  Particle  Count  Rate.  A 
count  rate  of  10  counts/s  on  the  SPART  analyzer  Is 
equivalent  to  a  particle  number  concentration  of 
200  partlcles/em  . 
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Figure  6.  Photoacoustic  Measurements  under  Vibra¬ 
tional  ly  Noisy  Conditions.  The  lock-in  amplifier 
ajtput  shows  the  Burleigh  spectrophone  response  to 
light  absorption  by  NO?  when  the  Instrument  Is 
subjected  to  broadband  vibrations  with  and  without 
nulling  circuitry. 
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Figure  8.  Photoacoustic  Measurements  of  Aerosols 
using  a  Longitudinally  Resonant  Spectrophone. 
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ABSTRACT 


We  have  begun  a  program  to  isolate  atoms  and  small  molecular  cluster*  in  low 
temperature  solid  argon  matrices  for  the  purpose  of  doing  spectroscopy  in  the 
ultraviolet,  visible,  and  infrared  regions.  The  samples  of  interest  are  metals 
and  carbon.  In  the  early  stages  of  this  work  we  have  profited  greatly  from 
collaboration  with  two  research  groups  in  West  Germany.  Two  presentations  based 
on  these  collaborations  were  made  at  the  Third  international  Symposium  on 
Molecular  Clusters  and  Small  Particles  held  in  West  Berlin,  July,  1984.  The  papers, 
listed  below,  are  also  being  published  in  a  special  edition  of  Surface  Bclenoe. 

K.  P.  Pflibeen  and  D.  R.  Huffman,  "Electronic  and  Vibrational  8pectra 
of  AgNa  Molecular  Clusters  and  Small  Particles,"  Surface  8cianoe,  1984. 

W.  Kr&tschmar,  N.  Sorg,  and  D.  R.  Huffman,  "8pectroscopy  of  Matrix  Isolated 
Carbon  Cluster  Molecules  Between  200  and  850  nm  Wavelength,”  Surface  8oienoe,  1984. 


In  the  present  report  we  present  recent  results  on  spectroscopy  of  molecular 
clusters  of  carbon  in  the  visible  and  ultraviolet.  A  monochromator  for  the 
infrared  spectral  range  is  being  designed  for  simultaneous  spectroscopy  in  ths 
uv  and  ir.  By  further  annealing  of  matrix  isolated  molecular  clusters  we  hope 
to  follow  spectroscopically  the  transition  from  molecular  clusters  to  small  solid 
particles. 


INTRODUCTION 

In  spectral  regions  where  the  real  part  of  the  complex  dielectric  function  is 
negative  there  occur  very  strong  absorption  effects  in  small  particles,  often  called 
surface  plasmons  as  they  occur  in  the  ultraviolet  spectra  of  metallic  particles 
and  surface  phonons  in  the  infrared  spectra  of  insulating  particles.  Shape  affects 
including  both  nonsphericity  of  Individual  particles  and  aggregation  of  partiolss 
have  extreme  effects  in  these  regions.^  In  experimental  studies  aimed  at  understand* 
ing  the**  optical  af foots  it  has  been  practically  impossible  to  eliminate  partiole 
aggregation  for  partloleu  in  the  sub-micrometer  size  range,  sinoe  the  partioles 
almost  invariably  aggregate  during  the  production  process.  In  en  effort  to  avoid 
this  problem  while  producing  very  snail  partiolss  (i.e.  50  A  size)  w*  have  begun 
e  program  to  build  up  small  particles  from  atomic  constituents  while  keeping  ths 
olustsrs  immobilized  in  the  medium  of  a  solid  rsr*  gas,  such  ss  solid  argon. 

The  technique,  known  ss  matrix  isolation  spsotroscopy  has  been  used  for  many 
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years,  primarily  by  chemists  studying  unstable  species  such  as  free  radicals. 
Pioneering  work  for  the  purpose  of  bridging  the  gap  between  molecular  and  small 
particle,  solid  state  spectroscopies  has  been  done  by  the  Stuttgart  group  under 
Dr.  T.  P.  Martin.5'®  Considerable  progress  has  already  been  made  in  collaboration 
with  the  Max-Planck  Institutes  at  Heidelberg  and  at  Stuttgart  in  West  Germany.  At 
Heidelberg  our  emphasis  has  been  on  the  visible  and  ultraviolet  spectra  of  molecular 
clusters  of  carbon.  At  Stuttgart  the  emphasis  has  been  on  alloyed  molecular  clus¬ 
ters  of  dissimilar  metal  atoms,  utilizing  both  ultraviolet  specroacopy  for  probing 
electron  states  and  far  infrared  spectroscopy  for  probing  vibrational  states.  Some 
work  along  both  lines  is  continuing  in  our  laboratory  in  Tucson.  Examples  of  both 
the  carbon  cluster  spectroscopy  and  the  alloyed  metal  spectroscopy  were  presented 
at  the  Third  International  Symposium  on  Molecular  Clusters  and  Small  Particles  held 
in  West  Berlin  in  July,  1984.  These  papers  have  been  accepted  for  publication  in 
Surface  Science.  In  this  report  we  present  results  only  for  the  carbon  cluster 
problem. 

EXPERIMENT 

As  in  other  typical  matrix  isolation  apparatus,  we  use  a  liquid  helium-cooled 
cold  finger  supporting  a  transparent  saphire  substrate  in  the  beam  of  the  spectro¬ 
photometer.  With  the  substrate  held  at  a  temperature  between  10  and  IS  K,  argon 
is  allowed  to  condense  onto  the  substrate  to  form  the  matrix.  During  this  deposi¬ 
tion  carbon  vapor,  produced  by  evaporating  a  pointed  carbon  rod,  is  introduced  into 
the  argon  gas  stream  to  form  isolated  atoms  and  small  molecular  clusters  of  carbon 
in  the  frozen  matrix.  Later  warming  of  the  substrate  to  25  -  30  K  allows  larger 
clusters  and  small  particles  to  form  by  diffusion  and  coagulation  of  the  carbon 
atoms . 

RESULTS 

One  example  of  extinction  (absorption  ♦  scattering)  spectra  for  carbon  vapor 
trapped  in  solid  argon  is  shown  in  the  figure.  Curves  are  shown  before  and  after 
the  annealing  process.  Superimposed  on  e  email  extinction  rise  tovrard  the  uv 
(which  we  interpret  ae  due  to  eoattaring)  are  numerous  absorption  bands  due  to 
molecular  clusters  of  carbon.  Even  the  smell  details  of  thsse  spectra  are  repro¬ 
ducible.  Initially  the  most  prominent  feature  is  the  well  known  c3  band  at 
410  nm.7  Upon  annaaling,  the  C3  band  decreases  and  othsr  bands  increass,  which  we 
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interpret  as  due  to  the  growth  of  larger  molecular  clusters.  Because  of  the  tenden¬ 
cy  of  carbon  molecules  to  form  linear  chains,  the  observed  spectra  are  tentatively 
thought  to  be  due  to  carbon  chains.  Details  of  the  first  suggested  identifications 
are  given  in  reference  8.  At  the  present  time  it  is  not  possible  to  confidently 
identify  all  major  bands  in  the  complicated  spectra. 

FURTHER  WORK 

Similar  matrix  isolation  apparatus  for  carbon  is  being  set  up  on  a  McPherson 
vacuum-ultraviolet  spectrophotometer  to  extend  this  work  down  to  about  120  nm 
wavelength.  This  should  reveal  the  supposed  bands  in  the  170-180  nm  region 
which  form  an  important  tie-point  for  the  proper  identification  of  larger  clusters. 

In  the  design  stage  is  an  infrared  monochromator  system  to  be  adapted  to  the  visible 
and  vacuum-uv  apparatus  for  simultaneous  measurements  of  both  infrared  and  ultra¬ 
violet  spectra.  With  such  a  combination  the  development  of  vibrational  mode 
absorption  can  be  followed  in  synchronism  with  the  development  of  electronic 
absorption  as  the  clusters  grow. 

Finally,  it  is  hoped  that  the  development  of  molecular  absorption  bands 
can  be  followed  as  they  grow  with  further  annealing  into  solid  state  absorptions, 
such  as  the  well  known  220  nm  surface  plasmon  band  in  small  graphite  particleH. 
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ABSORPTION  AND  SCATTERING  BY 
SMALL  PARTICLES;  STRUCTURE  OF 
THE  INTERNAL  AND  NEAR  FIELDS 

H.  Well  and  T.B.A.  Senior 
Radiation  Laboratory 

Department  of  Electrical  Engineering  and  Computer  Selene*: 

The  University  of  Michigan 
Ann  Arbor,  Michigan  48109 

This  paper  concerns  work  completed  or  In  progress  on  computing  the  electric  fields  Induced  by 
radiation  incident  on  small  particles.  Emphasis  has  been  on  the  fields  Inside  and  near  the  partld's 
when  the  Incident  radiation  Is  In  an  absorption  band  of  the  bulk  material.  This  work  has  been 
presented,  published, and  submitted  for  publication  as  follows. 

T.B.A.  Senior  and  H.  Weil,  "Structure  of  Polaritlon  Modes,"  Proceedings  of  the  1983  CSL 
Conference  on  Obscuration  Research,  submitted  Sept.  1983. 

H.  Weil  and  T.B.A.  Senior,  "Structure  of  Surface  Polaritlon  Modes  In  and  Near  Small  Particles," 
National  Radio  Science  Meeting  (USNC/URSI,  IEEE)  Boulder,  CO;  presented  Jan.  1984. 

H.  Weil,  T.B.A.  Senior  and  T.  M.  Willis  III,  "Internal  and  Near  Fields  of  Small  Particles 
Irradiated  In  Spectral  Absorption  Bands,"  submitted  to  Journal  of  the  Optical  Society  of  America, 

Sept.  1984. 

Related  work  based  on  the  same  integral  equation  and  theoretical -numerical  techniques  Is  In 
progress  to  determine  the  effects  on  scattering  and  absorption  of  isolated  surface  Irregularities, 
of  surface  roughness  and  of  periodic  surface  microstructure.  In  all  this  work  rotational  symmetry 
of  the  particles  has  been  assumed  in  order  to  keep  the  mathematics  "relatively"  simple. 

A  completely  different  integral- equation-based  method  has  been  applied  to  the  study  of 
scattering  and  absorption  by  thin  flakes  of  arbitrary  shape.  The  entire  flake  Is  small  compared  to  the 
free  space  wavelength.  Here  the  thickness  effects  are  approximately  taken  Into  account  by 
Incorporating  them  into  an  Impedance  boundary  condition  on  an  equivalent  zero-thickness  flake. 

This  simplification  Is  what  permits  the  analysis  to  be  applied  readily  to  non-rotatlonally  symmetric 
shapes.  The  following  two  publications  have  so  far  resulted  and  work  is  still  In  progress. 

T.B.A.  Senior  and  M.  Naor,  "Low  Frequency  Scattering  by  a  Resistive  Plate,"  IEEE  Trans.  AP-32, 
pp  272  -275,  March  1984. 

T.B.A.  Senior  and  D.  A.  Ksienski,  "Determination  of  a  Vector  Potential,”  P.adlo  Science,  19 
pp  603-607,  March-Aprll  1984. 

The  latter  paper  deals  with  the  fact  that  the  standard, low-frequency  scattering  theories  fail 
In  the  case  of  open  surfaces  ( i .e.,  two  dimensional  objects  representing  a  discontinuity  in  space)  and 
are  inconvenient  for  solid  objects.  The  problem  of  the  open  surface  was  solved  and  an  Improved 
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method  of  solution  for  solid  objects  was  also  developed.  The  two  methods  were  presented  In  the  paper 
by  Senior  and  Kslenskl. 

All  the  above  work  Is  for  Rayleigh  particles,  all  dimensions  small  compared  to  X,  the  incident 
wavelength.  To  study  the  effects  of  having  one  dimension  comparable  to  the  wavelength  we  are 
Investigating  the  scattering,  absorption  and  Internal  fields  for  thin  circular  disks  as  the  disk 
radius  a  varies  from  a  «  X  to  a  '  x.  To  do  this  we  have  revised  and  extended  a  moment  method  due 
to  C.  M.  Chu  and  H.  Weil  (Applies  Optics  1_9,  pp  2066-2071  ,  June  15,  1980).  The  original  Chu-Weil 
formulation  was  not  accurate  when  a  <<  ).  mainly  because  the  basis  functions  were  Inappropriate  In 
that  case;  It  also  did  not  completely  compute  the  Internal  fields  but  only  the  coefficients  for 
an  expansion  ot  the  internal  fields  in  terms  of  the  basis  functions.  A  modified  and  expanded  set 
of  basis  functions  has  been  Introduced  and  the  program  rewritten  to  account  for  this  change  and 
to  compute  the  internal  fields.  This  work  Is  largely  completed  but  the  final  computing  programs 
are  undergoing  more  testing. 
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A  NEW  ITERATIVE  EXTENDED  BOUNDARY  CONDITION  METHOD  FOR  CALCULATING 
SCATTERING  AND  ABSORPTION  BY  ELONGATED  OBJECTS 


Magdy  F.  Iskander 

Department  of  Electrical  Engineering 
University  of  Utah 
Salt  Lake  City,  Utah  84112 


Abstract 


The  extended  boundary  condition  method  (EBCM) ,  which  is  a  popular  procedure  for  solving  scatter¬ 
ing  and  absorption  by  dielectric  objects,  is  based  on  an  integral  equation  formulation  which  utilizes 
spherical  expansions  to  solve  for  Che  unknown  fields.  Such  a  procedure  is  known  to  be  limited  and 
inadequate  for  elongated  dielectric  objects  and  particularly  chose  of  large  complex  permittivities.  As 
the  shape  of  the  object  deviates  from  that  of  a  sphere,  a  large  number  of  terns  in  the  vector  spherical 
harmonics  expansion  of  Che  unknown  fields  is  required,  which  forces  the  matrix  formulation  to  include 
Hankel  functions  of  large  arguments  and  orders  and,  in  turn,  results  in  an  ill-conditioned  system  of 
equations. 

In  this  paper  we  describe  a  new  procedure,  Che  iterative  extended  boundary  condition  method 
(IEBCM),  for  improving  the  solution  stability  and  extending  the  frequency  range  cf  the  EBCM.  The  new 
procedure  has  two  main  features  including:  a 

1.  It  involves  dividing  the  internal  volume  of  the  dielectric  object  into  several  overlapping 
regions  and  employing  separate  field  expansions  in  each  of  these  overlapping  subregions. 

2.  It  is  iterative  since  it  starts  with  a  known  solution  that  approximates  Che  scattering  prob¬ 
lem. 

For  high-loss  dielectric  objects  of  large  aspect  ratio,  che  initial  assumption  of  the  surface 
fields  was  obtained  by  approximating  the  object  by  a  perfectly  conducting  one  of  Che  same  size  and 
shape.  Numerical  results  were  obtained  for  frequencies  up  to  seven  times  the  resonance  of  these 
objects.  Up  to  11  overlapping  subregions  were  found  necessary  to  describe  the  internal  fields  of  these 
objects . 

For  low-loss  elongated  dielectric  object*  commonly  encountered  in  optical  aoplicacions,  on  the 
other  hand,  the  initial  assumption  was  obtained  by  approximating  the  object's  geometry,  rather  than  ics 
properties,  by  a  spherical  one  and  using  the  Mie  solution  to  obtain  the  approximate  surface  fields. 
Also  in  chis  case,  we  carry  out  the  iterative  procedure  by  solving  for  objects  of  intermediate  geo¬ 
metries  between  the  initial  sphere  and  the  elongated  object  of  interest.  Thus,  while  in  utilizing  the 
perfect  conductor  initial  assumption,  we  use  the  iterative  procedure  to  build  in  the  properties  of  the 
object;  in  the  low-loss  dielectric  object  esse  we  preferably  iterate  to  build  in  the  geometry  of  the 
elongated  object. 

We  also  examined  the  application  of  the  IEBCM  to  solve  for  composite  bodies  using  mixed  basis 
functions.  In  a  capped  cylindrical  object,  the  interior  volume  was  first  divided  into  several  over¬ 
lapping  spherical  subregions  and  alternatively  partitioned  into  a  finite  cylindrical  subregion  and  two 
spherical  end  caps.  Spherical  expansions  were  used  in  the  spherical  subregions  and  a  cylindrical 
expansion  was  utilized  for  the  cylindrical  subregion.  The  obtained  numerical  results  clearly  illus¬ 
trated  the  computational  advantages  in  choosing  Che  expansion  functions  compatible  with  the  geometry  of 
the  object. 

Numerical  results  for  spheroids  of  aspect  ratios  as  large  as  12:1  are  obtained,  thus  illustrating 
the  feasibility  of  using  the  IEBCM  for  highly  elongated  objects  at  frequencies  at  and  beyond  the  raeo- 
nance  frequency  range.  The  obtained  numerical  -eaulta  also  illustrated  the  importance  and  the  computa¬ 
tional  advantages  of  using  different  basis  functions  such  as  cylindrical  and  spherical  to  solve  for 
very  highly  elongated  objects. 

This  work  has  been  published  and  presented  as  follows: 
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Introduction 

It  is  generally  known  that  the  extended  boundary  condition  method  (EBCM)  is  a  popular  procedure 
to  solve  for  the  scattering  and  bhsorptior.  of  electromagnetic  radiation  by  dielectric  objects.  Such 
scaccering  and  absorption  problems  have  many  important  applications  in  a  variety  of  fields,  including 
light  scattering  by  particles,  fiber  optica  consnunication,  and  in  evaluating  the  hazardous  effects 
associated  with  electromagnetic  radiation.  Among  the  many  available  techniques  for  solving  the  three- 
dimensional  scattering  problems,  the  EBCM  hes  been  widely  utilized  in  celculeting  the  scattering  and 
absorption  charscteristics  of  axisymmetric  dielectric  objects.  Our  group  at  the  University  of  Utah, 
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for  example,  has  utilised  the  EBCM  in  calculating  the  power  absorption  characteristic*  of  apheroidal 
biological  models  of  human*  and  animals  exposed  to  plane-wave  (1,  2]  or  near-field  radiation  (3-7].  In 
all  cases,  however,  the  calculations  were  limited  to  the  prereeonance  frequency  range  simply  because  of 
certain  numerical  instabilities  in  the  EBCM  at  and  bayond  the  resonance  frequency  range  [3].  This 
problem  become*  pronounced  tha  mors  the  shape  of  the  dielectric  object  deviates  from  that  of  a  sphere, 
such  a*  for  a  spheroidal  modal  of  large  a/b  ratio.  For  such  casea,  a  large  number  of  terms  In  the 
vector  spherical  harmonics  expansion  la  required  to  describe  the  field  variations,  trttieh  forces  tha 
matrix  formulation  to  include  Hankal  functions  of  large  arguments  and  orders,  end  which,  In  turn, 
result  in  an  ill-conditioned  system  of  equations.  The  solution  procedure  employed  earlier  to  overcome 
this  problem  and  described  in  some  of  our  publications  (1,  3]  was  temporary.  Although  it  allowed  one 
to  obtain  results  at  relatively  high  frequencies,  it  did  not  solve  the  basic  problem  involved,  and 
hence  was  once  again  inaccurate  as  the  frequency  approached  resonance  [1-3]. 

In  this  paper,  vre  describe  a  new  iterative  procedure  called  "the  iterative  extended  boundary 

condition  method  (IEBCM)"  for  improving  the  stability  and  extending  the  frequency  range  of  the  EBCM. 

Description  of  the  New  Method 

The  new  technique  is  iterative  since  it  requires  an  initial  estimate  of  the  tangential  fields  on 
the  object's  surface  and  also  utilizes  the  key  process  of  representing  the  fields  inside  the  dielectic 
object  by  several  overlapping  subregional  expansions.  For  objects  which  are  characterized  by  large 
complex  relative  permittivities,  the  initial  estimate  was  obtained  by  replacing  the  dielectric  object 
by  a  perfectly  conducting  one  of  the  same  shape  end  size  and  then  solving  for  the  current  densities  on 
the  substitute  object  ( 8—10 1 .  This  initial  estimate  is  then  utilized  iteratively  to  obtain  the  correct 
solution  for  the  dielectric  object  of  interest.  It  is  shown  that  the  dielectric  properties  of  the 

original  object  are  actually  gradually  built  in  the  solution  from  the  initial  assumption  through  the 
iterative  procedure. 

For  Che  case  where,  we  approximate  the  object  by  a  perfectly  conducting  one,  the  surface  current 
density  of  the  1th  iteration  is  obtained  by  solving  the  following  integral  equation  |8,  9,  10] 

{£l(r)  +  V  x  /  [n(r ' )  x  E(^"l)(?’)  •  G(k£/k£’)]ds' 

8 

-  V  X  v  x  /  —  [nU')  x  H^~1)(r'  )  •  5(kr/k;r  ’ )  Ids  ’ } 

J  iu>e  1  int  J  1 

6  J  O 

-  V  x  v  *  /  -J —  [n(r ' )  x  ^,H<  £)  (r ' )  •  5(k7/k£’  )  Ids’  (1) 

J  icje  1  ♦  J 
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where  n  ie  the  unit  outward  normal  to  the  aurface  a,  G(kr/kr')  ia  the  free-apace  transverse  dyadic 

Green's  function,  and  k  *  »/p  c  is  the  wave  number  in  free  apace.  The  internal  fields  and 

are  the  known  fields  from  the  internal  problem  of  the  previoua  iteration.  The  only  unknown  in 
int 

*  -(t) 

Bq.  (1)  ia  Che  incremental  surface  current  density  n  *  AR+  to  be  calculated  as  the  solution  to  the 

-( t-i ) 

external  problem.  This  incremental  current,  when  determined,  is  edded  to  n  *  R+  from  the  previous 

*  -( i) 

iteration  to  give  a  new  and  refined  value  of  the  total  aurface  current  n  *  R^ 

To  excend  the  application  of  this  technique  to  low-loss  or  lossless  dielectric  objects,  the  ini¬ 
tial  assumption  wss  obtained  by  approximating  the  geometry  of  the  object.  K  solution  for  the  original 
geometry  was  obtained  by  iteratively  obtaining  solutions  of  objects  of  intermediate  shapes  between  the 
initial  approximate  (substitute)  shape  and  the  final  geometry  of  interest.  For  example,  for  a  highly 
elongated  dielectric  object,  the  initial  assumption  of  Che  surface  fields  may  be  obtained  from  the  Hie 
solution  of  a  spherical  object  with  the  same  dielectric  properties.  The  iterative  procedure  is  then 
utilised  to  build  in  gradually  the  geometry  of  the  elongated  object.  In  other  words,  while  in  our 
previous  work  the  initial  assumption  was  obtained  by  approximating  the  object's  properties  (i.e.,  per¬ 
mittivity)  by  perfectly  conducting  one  and  the  original  dielectric  properties  are  built  in  gradually 
through  the  iteration,  in  the  low-loss  dielectric  objects  case,  the  object's  geometry  (rather  than 
properties)  was  approximated  to  obtain  the  initial  assumption,  and  the  original  geometry  was  built  in 
through  the  iterations. 

The  iterative  solution  for  the  low-loss  or  lossless  dielectric  case  utilizes  the  following  equa¬ 
tion  (11): 


E*(r)  ♦  V  x  /  [n(r )  *  E^^U')]  •  G(k?/kr')da' 
s 


V  X  7  X  /  - -  [n(r '  )  x  H^^U')  •  ClkiVk?'  )ds' 

;  iwe  1  int 

a  J  o 
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where  AH^  and  V'  x  AH^  are  the  incremental  magnetic  and  electric  fields  to  be  solved  for. 

and  H4  ^  are  known  from  the  solution  cf  the  approximate  geometry,  as  indicated  earlier.  It  snould  be 
int 

noted  that  while  in  the  high-loss  objects  case,  we  iterated  only  over  the  surface  electric  current 
density  (first  term  in  the  right-hand  side  of  Eq.  (2)  (8)  in  the  low-losa  case,  we  maintained  both  the 


electric  end  magnetic  current  density  terms  in  Eq.  (2)  (i.e.,  complete  integral  equation  of  the  BBCM 
approach),  since  we  effectively  iterate  between  various  geometries  and  solve  the  complete  equation  for 
each  geometry.  In  other  words,  in  extending  the  1EBCK  solution  procedure  to  lossless  or  low-loss 
dielectric  objects,  we  obtain  the  initial  assumption  of  the  surface  fields  and  by  approxi¬ 

mating  the  object  by  a  spherical  one  and  using  the  Mie  solution  to  obtain  this  initial  assumption  of 
the  fields.  By  so'ving  Eq.  (2)  on  the  surfsce  S  of  the  elongated  object,  we  determine 

7'  x  which  when  added  to  the  initial  guess  of  the  fields  and  ^  provide  a  com- 

+  f  ’  inc  inc 

plete  solution  for  the  elongated  object.  Clearly,  the  closer  the  shape  of  the  spherical  substitute  to 
the  nonspherical  one,  the  better  the  initial  guess  is,  and  hence  accurate  final  results  are  obtained 
readily  after  utilizing  the  assumed  fields  in  Eq.  (2).  For  significant  differences  between  the  shapes 
of  the  spherical  substitute  and  the  actual  object  of  interest,  we  found  it  necessary  to  use  objects  of 
intermediate  shapes  between  the  initial  sphere  and  the  final  nonspherical  object. 

It  should  be  emphasized  that  there  are  two  important  similarities  between  the  IEBCM  procedures 
for  both  the  lossless  and  high-loss  dielectric  cases.  The  first  is  related  to  the  fact  that  a  point 
matching  procedure  was  used  in  both  cases  to  enforce  the  continuity  of  the  surface  field  calculated 
from  the  approximate  initial  assumption  and  the  ’-.ternal  fields  in  the  nonspherical  object  of  inter¬ 
est.  Since  Eqs.  (1)  and  (2)  are  then  used  to  solve  only  for  incremental  fields,  fewer  terras  were  used 
in  the  vector  spherical  harmonics  expansions,  and  hence  ill-conditioning  of  the  resulting  system  of 
equations  !2,  3]  did  not  occur. 

The  other  point  is  related  to  the  key  advantage  of  the  IEBCM  technique  1 8 1 ,  which  is  due  to  the 

division  of  the  internal  volume  of  the  dielectric  object  into  several  overlapping  subregions,  in  each 

of  which  a  separate  field  expansion  was  used.  Thus  in  determining  the  internal  fields,  the  approximate 

initial  assumption  was  matched  to  several  expansions  of  at  the  surface  of  the  elongated  object 

r  int 

(8].  The  continuity  of  the  internal  fields  throughout  the  object  was  also  assured  by  enforcing  the 

.ontinuity  of  tnese  expansions  at  several  points  (typically  4-6  points)  in  the  overlapping  regions,  as 

shown  in  Fi  ,.  1.  This  process  thus  overcomes  che  basic  problem  with  the  regular  EBCM,  which  is  related 

to  utilization  of  a  single  spherical  expansion  to  describe  the  field  inside  the  dielectric  object.  The 

surface  integrations  on  the  left-hand  side  of  iq.  (2)  thus  utilize  more  than  one  (if  needed)  spherical 

expansion  of  E^  and  fif  each  is  used  to  calculate  the  surface  fields  only  over  a  portion  of  the 
r  int  int 

surface  S. 

Numerical  Result  a 

Figure  2  shows  the  average  specific  absorption  rate  (W/kg)  for  the  spheroidal  object  of  a/b  • 
5.54,  and  s  ■  0.865  meters.  The  range  of  variation  of  che  complex  permittivity  values  over  the  fre- 
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quency  range  of  intereet  ia  alto  indicated  on  Fig.  2.  Tha  flgura  claarly  illuatrataa  tha  advantage  of 
uaing  tha  IBBCM  ovar  tha  ragular  BBCM  to  extend  tha  calculation  to  and  bayond  tha  raaonance  frequency 

of  the  dielectric  object.  Table  I  [11]  illuatrataa  tha  advantaga  of  applying  tha  IBBCM  to  tha  highly 

* 

elongated  loaalaaa  epheroidal  object  of  ka  ■  1.33  and  •  5  ♦  jO.  From  tha  table,  it  la  clear  that 
tha  aoeuraey  of  tha  BBCM  reeulte  etartad  to  datariorata  whan  tha  aapact  ratio  of  tha  obiact  exceeded 
a/b  ■  4.  Tha  BBCM  raaulta  for  a/b  >  4  ware,  therefore,  not  reported  in  Table  I.  Since  tha  dielectric 
object  uaad  for  tha  calculation*  in  Table  I  ia  loaalaaa,  the  accuracy  of  tha  obtained  raaulta  wae 
judged  by  comparing  tha  extinction  and  acattarlng  aff icienciaa.  Many  other  numerical  aapacta  of  tha 
IBBCM,  auch  aa  tha  nuabar  of  overlapping  ragiona,  tha  number  of  intermediate  atapa,  and  tha  number  of 
iteration*  aa  wall  aa  tha  CPU  tiaa  may  be  found  in  our  other  publicationa  available  in  the  literature 
[8-10].  Table  II  compare*  the  IEBCM  procedure  with  the  regular  EBCM  technique.  Table  III  aeta  the 
IBBCM  in  perapective. 
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a/b  =5.54,  a  =  0.865  m 

e*  *  65  +  j200  to  38  ♦  J78 
(40  MHz)  (200  MHz) 

2.  The  specific  absorption  rete  (SAR)  in  (W/kg)  in  a  spheroidal  model  of  a  -  0.865  ■  and  a/b 
5.54.  The  figure  specifically  indicated  extending  the  frequency  range  uaing  the  IEBCM. 


Table  1.  The  scattering  gnd  extinction  efficiencies  for  a  spheroidal  dielectric  object  of 
ka  ■  1.35  and  e  ■  S.  ♦  jO.  for  spheroidal  ratio  x  ■  a/b  >  4,  the  regular  EBCM 
method  did  not  provide  convergent  results.  The  results  for  x  >  6  were  obtained 
by  uaing  the  IEBCM  with  two  spherical  expansions  in  the  overlapping  aubregiona. 


8pheroidal  Ratio 

x  •  a/b 

2 

w 

1 

3 

1 

4 

1 

5 

1 

6 

1 

7 

1 

8 

1 

10 

1 

Extinction  Efficiency 


EBCN 


0.1449 


0.210  *  10' 


0.581  *  10' 


It/A 


It/A 


■/A 


It/A 


8/A 


IEBCM 


0.1449 


0.210  x  10"1 


0.579  x  10~2 


0.1009  x  io“ 


0.531  x  l(f3 


0.1218  x  io“ 


Scattering  Efficiency 


EBCM 


0.210  x  10 


0.581  *  10" 


N/A 


It/A 


It/A 


It/A 


■/A 


IEBCM 


0.1449 


0.210  »  10'1 


0.2197  x  10"2 
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Table  2.  Comparison  between  the  bade  feature*  of  the  regular  extended  boundary  condition 
method  (EBCM)  and  the  new  advantages  of  the  new  iterative  technique  (IEBCM). 


Comparison  between  EBCM  and  IEBCM 

EBCM 

IEBCM 

•Single  spherical  expansion 

•  Multiple  expansions 
spherical  and  mixed 

•  Analytical  continuity 
Implicitly  assumed 

•Continuity  explicitly 
enforced 

•  One  step  solution 

•Iterative  and  requires 
initial  surface  fields 

•  Application:  Limited  to 
small  and  moderate  aspect 
ratios 

•  Applications: 

+  small  and  moderate 
aspect 

/  +  highly  elongated 

1  objects 

<  +  objects  of  large  c* 

1  and  Ka 

'+  composite  objects, 
chains,  clusters,  etc. 

Table  3.  The  new  technique  IEBCM  in  perspective. 


EBCM 
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ABSTRACT 


A  new  resolvent  kernel  technique  is  used  to  calculate  the  complete  Mueller  matrix  for  the  scatter¬ 


ing  of  an  electromagnetic  plane  wave  from  a  dielectric  cube  whose  dimension  is  of  the  order  of  a 


wavelength.  A  brief  summary  of  both  the  theory  and  computational  method  is  presented.  Certain  Mueller 


matrix  elements,  as  well  as  cross  sections  are  presented  for  several  cube  orientations  and  compared  to 


the  Mle  scattering  results  from  an  equivalent  volume  sphere.  Preliminary  analysis  indicates  that  cer¬ 


tain  symmetry  properties  of  the  scatterer  dictate  the  behavior  of  the  elements  for  forward  and  backward 


scattering  as  well  as  the  extinction  cross  section. 


THEORY 


In  this  section  we  briefl)  uescrlbe  the  theoretical  method  used  in  the  present  calculation. 


Maxwell's  equations  for  time-harmonic  problems  may  be  written  as 


?  x  ?  x  J  -  k2?  •  k2(m2-1 , 


H  -  -  lk_1  ?  x  ?  , 


where  we  have  assumed  6  »  e£,  J  -  o£,  S  *  H,  k  -  u/c,  and  m(r)  is  the  local  complex  index  of  refraction 


m2(r)  i  e(r)  *  *4itlo(r)/&)  . 


Using  a  dyadic  Green's  function  G(r,r')  defined  by  $  x  $  x*G(r,r')  -  k2<G(r,r')  »  1  S^Cr  -  r'),  Eq.  (1) 


for  scattering  problems  may  be  recast  as  an  integral  equation: 


£(r)  -  t  (r)  *  k2  j"£(r,r')  •  [m2(r')  -  t]  £(r')d^r'  , 


where  £jnc  is  the  incident  radiation  field.  For  the  present  purpose  we  take  ?lrc  •  5oelk’r.  The  proper 


dyadic  Green's  function  contains  a  singular  term: 


*G(r,r’)  - - -5  53(S)  ♦  9(R-c)G; -(&)  . 

3k  LS 


■A  O  •.*  ♦.*  •.* 
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where  R  •  r  *  r',  t  is  >  positive  Infinitesimal  quantity,  6(x)  -  1  for  x  >  0  and  0  for  x  <  0,  and 


oLS(R) 


<  1 "  -  rat 


-  P  R  (l 


-  J_  - 

lkR 


lkR 
e _ 

TJr 


(6) 


where  R  «  $/R  and  R  ■  |  r  -  r' | . 

Assuming  the  acatterer  Is  uniform,  then  m(r)  ■  m  inside  the  volume  V  of  the  scatterer  and  unity 
outside.  We  may  then  rewrite  Eq.  (H)  for  r  inside  V  as 


*eff<?> 


lmc(?)  +  ‘Uak‘ 


I; 


V  °LS(r 


?')  •  2eff(r' )d^r- 


(7) 


where  £eff  s  [ (m2*2)/3]$,  a  =  (3/1«>(m2-1 )/(m2*2) .  and  the  "primed  Integration"  J  d3r'  over  V  excludes 
an  infinitesimal  sphere  (or  cube)  around  r*  •  r.  Once  Eq.  (7)  Is  solved  for  r  inside  V,  the  scattered 
radiation  In  the  far  field  region  may  be  obtained  via 


^SC(r) 


2  e 


lkr  „ 


f  <  («  lv  ^eff^'5 


(8) 


When  I  (r)  Is  determined  for  two  mutually  perpendicular  polarizations  of  the  incident  field,  one  may 

SC 

deduce  the  amplitude  scattering  matrix  as  defined,  for  example,  In  Ref.  1,  and  from  which,  t* •  complete 
U  x  M  Mueller  matrix  can  be  calculated. 

The  Integral  equation  Eq.  (7)  can  be  discretized  and  converted  Into  a  set  of  simultaneous 
equations.  This  set  or  equations  would  then  have  to  be  solved  for  each  state  of  polarization  of  the  In 
eldest  wave,  direction  of  Incidence  and  complex  refractive  Index  m.  However,  instead  of  solving  It  thl 
way.  It  Is  more  convenient  to  first  solve  the  following  equation  for  a  resolvent  kernel  R(r.r’): 


lit?.?-) 


Dik  e(R-c)  GLS(r,r’) 


^xak 


/; 


V  CLS(r’s) 


•  R  ( 3 , r 1 )  d^s 


(9) 


(where  the  primed,  integration  implies  an  infinitesimal  exclusion  around  (s  *  r;  and  then  obtain  the 
solution  of  Eq.  (7)  by  one  more  integration: 


-  £,„„(?)  ♦  a  lj(?,?')  •  £lnc(?')  a3r"  • 


err 


Inc 


(10) 


We  note  that  Eq.  (9)  Is  Independent  of  the  direction  of  k,  and  the  Incident  polarization. 


Following  the  Idea  of  Marouf,  Eq.  (9)  may  be  further  converted  to  a  matrix  Rlcattl  differential 


equation 


(11) 


-  fv7<?.S)  *<;.?•)  d3a 


with  r  i  Initial  condition 


7  ( r , r ' )  |  ,  -  *.„k29(R-£)  G.  c(r,r')  . 


Therefore, one  single  Integration  of  Eq.  (11)  allows  us  to  obtaln7  (*,?')  for  a  whole  physical  range  of 
a  values,  for  a  given  volume  of  the  scatterer  (In  units  of  k  3),  and  k  which  appears  in  Eq.  (12).  In 
solving  Eq.  (11),  we  discretize  the  volume  V  and  convert  the  equation  to  a  large  number  of  coupled  ordi¬ 
nary  differential  equations,  or  equivalently,  a  matrix  differential  equation 


dfi/da  -HR. 


Symbolically  Eq.  (13)  has  a  solution  of  the  form 


5  -  (R"1  -  a)'1 


where  Is  the  value  of  R  at  a  -  0,  and  Is  given  by  discretizing  the  right  hand  side  of  Eq.  (12).  Thus 
any  eigenvalue  1  of  R^  will  give  rise  to  a  pole  In  S  at  a  ■  1  '.  The  maxtrlx  Rq  Is,  however,  not 
Hermltlan  and  we  find  all  Its  eigenvalues  to  lie  In  the  upper  half  a-plane.  Thus  all  poles  of  fi  are  lo¬ 
cated  In  the  lower  half  a-plane,  Implying  that  fi  Is  analytic  In  the  upper  half  plane.  When  some 
eigenvalue,  1^,  of  Rq  is  close  to  the  real  line,  the  solution  or  Eq.  (13)  will  run  Into  convergence 
problems  near  a  -  1,^.  We  have  overcome  this  difficulty  by  employing  a  path  integrat’on  around  the  pole 
In  the  upper-half  a-plane  and  confirmed  that  the  result  is  path-independent. 


COMPUTATIONAL  TECHNIQUES  AND  RESULTS 

In  order  to  solve  the  Rlcattl  differential  equation  for  the  resolvent  kernel,  we  have  to  dis¬ 
cretize  the  volume  integral  over  the  cube.  To  do  this  we  partition  the  cube  Into  N  subcubee  where  the 
field  was  calculated  at  the  center  of  each  subcube.  However  to  evaluate  the  dyadic  Green's  function, 

six  additional  points  were  placed  at  the  center  of  the  faces  of  each  subcube  to  obtain  a  good  average 
for  ;he  center.  Since  this  le  the  first  time,  to  our  knowledge,  that  calculations  have  been  performed 
for  the  Mueller  matrix  for  cubes,  careful  testing  has  to  be  performed.  One  of  the  most  significant 
tests  we  have  performed  Is  the  test  of  analytlclty  of  the  resolvent  kernel.  To  do  this  we 
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took  different  paths  In  the  upper  half  complex  a  plane  in  going  from  an  initial  to  a  final  value.  The 

4 

worst  disagreement  in  the  different  runs  was  only  one  part  in  10  .  We  have  also  established  that  cer¬ 
tain  aynasetry  properties  are  present  in  the  computational  results  for  both  the  Mueller  matrix  elements 
and  the  oroas  sections. 

Complete  Mueller  matrix  oaloulatlona  ware  performed  for  a  cube  whose  refractive  index  was  1.571  - 
6  x  10~^i  and  whose  edge-length  to  wavelength  ratio  (L/A)  was  0.76967.  This  particular  ratio  will  yield 
an  equivalent  volume  sphere  whose  size  parameter  p  -  2vr/A  -  3.0  where  r  is  the  radius  of  the  sphere. 

The  cube  was  subdivided  Into  125  subcubes  which  yielded  a  complex  resolvent  kernel  matrix  of  order  375. 
Calculations  were  performed  for  three  directions  of  the  incident  wave  vector  kCk^.k  ,k^).  The  coor¬ 
dinate  system  is  situated  at  the  center  of  the  cube  with  the  axes  passing  through  the  centers  of  three 
orthogonal  faces.  The  three  directions  chosen  were  face-on  specified  by  (1,0,0);  edge  on  (1,1,0)  and 
oorner-on  (1.1,1).  The  scattering  plane  is  defined  as  the  plane  perpendicular  to  one  component  of  the 
incident  electric  field  vector  which  we  label  as  S^.the  parallel  component  as  2||.  For  the  calculation 
presented  the  orientation  of  the  orthogonal  triad  k,  £||  are  such  that  one  of  the  coordinate  axes  of 
the  cube  is  in  the  plane  determined  by  k  and  5^.  This  configuration  will  produce  right-left  symmetry  in 
the  scattering  plane  and, therefore,  scattering  angles  only  from  0-180"  have  to  be  considered. 

In  Table  I  we  present  results  of  the  various  cross  sections  for  the  three  orientations  chosen  and 
also  the  corresponding  ones  for  an  equivalent  volume  sphere  of  the  same  refractive  Index.  What  is  par¬ 
ticularly  noteworthy  is  that  for  the  incident  wave  polarized  perpendicular  to  the  scattering  plane,  more 
absorption  is  generated  in  the  cube  tnan  the  equivalent  volume  sphere  for  all  three  orientations.  In 
fact,  for  edge-on  incidence  (1,1,0)  there  is  -56*  more  absorption  by  the  cube. 


f::3 

£ 


TABLE  I 

Absorption  cross  section  (o  ),  scattering  cross  section  (o.)  and 
•xtlnotlon  cross  section  (o_7  In  units  of  \  for  three  orientations 
of  the  oube  and  corresponding  quantities  for  an  equivalent  volume  sphere. 

The  superaorlpts  and  ||  refer  to  perpendicular  and  parallel  polarization  states  respectively. 
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CUBE 
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4 
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1 
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(1 ,1,0) 

(1 .0,0) 
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0.0511 

0.0901 

0.0632 

0.0976 

0.0901 

0.0632 
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In  Pigs,  la  and  1b  we  show  a  comparison  of  P  and  elements  of  the  reduced  Mueller  matrix  for 
three  directions  of  lncldenoe  and  also  the  equivalent  volume  sphere.  The  element  P^,  oftentimes 
referred  to  as  the  phase  function,  is  shown  in  Fig.  la.  There  are  several  features  to  this  curve  which 
are  Interesting.  The  scattered  radiation  is  rather  insensitive  to  orientation  for  angles  up  to  about 
60°.  However  beyond  this  th<  become  quite  dissimilar.  In  particular  when  the  cube  Is  hit  edge-on 
(1,1,0)  a  secondary  maximum  appears  around  90°.  This  may  be  attributable  to  geometric  optics  effects 
where  a  face  can  specularly  reflect  the  Incoming  radiation  producing  a  maxima  at  90s.  When  the  cube  is 
hit  face-on  (1,0,0)  a  strong  maximum  appears  at  180°  since  the  radiation  can  be  reflected  directly  baok- 
wards  from  the  faces  hit  by  the  dlreot  beam. 

In  Fig.  lb  we  show  the  element  P^  which  would  give  the  degree  of  linear  polarization  for  an  un- 
polarlzed  Incident  beam.  The  case  for  cornor-on  (1,1,1)  incidence  more  closely  resembles  the  sphere! 
however,  the  other  two  orientations  show  large  disparities.  Of  particular  Interest  la  the  fact  that  the 
case  for  edge-on  incidence  (1,1,0)  is  nonzero  at  06and  180°.  This  behavior  oan  be  explained  by  certain 
symmetry  properties,  A  complete  symmetry  analysis  of  all  of  the  elements  of  the  Mueller  matrix  at  0° and 
l8o°  will  be  presented  in  a  future  publication. 

In  Figs.  2a  and  2b  we  present  the  elements  P^  and  P  .  Again  large  disparities  exist  between  the 
various  cube  orientations  and  the  equivalent  volume  sphere.  It  should  also  be  mentioned  that  we  have 
developed  a  routine  to  calculate  the  Mueller  matrix  for  a  oube  In  random  orientation.  The  results  will 
be  presented  In  a  future  publication. 

In  Fig.  3  we  show  the  element  P22<  What  Is  Interesting  is  that  only  the  case  of  oorner-on  (1,1,1) 
incidence  differs  from  unity.  This  element  will  deviate  from  unity  even  when  the  oube  is  In  random 
orientation.  This  element  Is  a  truo  indicator  of  non-spherlclty. 
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This  paper  presents  microwave  extinction  measurement  results  of  1963-1984  for  10  analog  rough  part¬ 
icles,  their  analysis  and  center ison  with  Mie  theory  predictions  for  equal-volume  mooth  spheres.  Of 
these  10  particles,  3  have  existed  in  our  inventory  for  14  years,  their  extinction  measurements  by  an 
earlier  technique  having  bean  reported  as  part  of  a  larger  body  of  datat 
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This  paper  is  also  an  integral  part  in  our  long  series  of  systmnatlcally  investigating  tlie  effects 
of  particle  shape,  size,  refractive  index  and  orientation  on  obscuration  of  incident  light.  In  addition 
to  the  above  papers,  more  detailed  accounts  of  the  measurement  procedures  are  referred  to  in  the  papers 
cited  at  the  end  of  this  article,  and  an  extended  analysis  will  also  be  submitted  to  Applied  Optics  for 
publication. 


INTRODUCTION 

Analytical  solutions  to  the  problem  of  light  scattering  by  particulates  whose  size  and  surface  rough¬ 
ness  are  comparable  to  the  wavelength  1  of  incident  radiation  are  exceedingly  complex,  and  most  analytical 
research  treats  the  case  where  A  ib  small  compared  to  a  characteristic  particle  dimension  [  see 
Refs.  1,  2,  3,  5,6].  On  the  other  hand,  such  particles  are  abundant  in  nature  and  are  indeed  respons¬ 
ible  for  the  bulk  of  observed  light  obscuration/scatbaring  phenomena.  This  is  the  principle  reaeon  for 
our  undertaking  systematic  studies  using  the  microwave  analog  technique  [ll ,  15].  In  this  paper  we 
report  only  the  most  recent  extinction  measurement  results  and  their  analysis  and,  where  applicable, 
comparison  with  our  earlier  results.  Although  extinction  and  angular  distribution  ars  mutually  insepar¬ 
able  light  scattering  phenomena,  quite  different  measurement  procedures  and  interpretations  of  raw  data 
are  required  at  present  by  microwave  techniques.  We  describe  the  results  of  angular  decs  in  a  separate 
article  in  these  proceedings.  Despite  our  effort  to  write  this  paper  in  a  self-contained  form,  frequent 
referenece  to  our  earlier  papers  wars  found  to  be  necessary. 

We  investigated  10  rough  particles  consisting  of  2  refractive  index  groups  m  el.61-f0.004  end 
m  >1.36-  io. 005 1  reamnbling  silicate  and  Ice  at  optical  wavelengths,  respectively.  Only  two  simple 
geometric  shapes  were  considered  in  this  investigation)  i.e.,  particles  with  either  a  ccmplato  rotational 
synmetry  or  a  mirror  symmetry  with  a  &-fold  rotational  axis  (in  the  crystallographic  sense),  so  as  to 
reduce  the  measurmaent  time.  In  Sec.  3  data  for  each  particle  is  presented  in  the  uniform  format  of  a 
P,C  Plot,  which  is  a  cartesian  representation  of  the  particle-orientation  dependence  of  the  complex 
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8«0  scattering  amplitude  S(0)  and  which  also  shews  the  comprehensive,  detailed  light- obscuration 
process  as  the  particle  rotates,  in  the  sene  section,  the  volume-equivalent  extinction  efficiency  aver- 
aged  over  random  particle  orientations,  Qext  v  "  ^ext  /*®v  »  is  plotted  versus  the  volwie-equivalent 
phase-shift  parameter  Py  “  4trav(m'- 1) /X  and  is  compared  to  extinction  curves  for  anooth  spheres.  ay 
i3  the  radius  of  a  smooth  sphere  equal  in  volume  to  the  rough  particle.  Analysis  and  discussion  of  the 
observed  extinction  data  are  also  included  in  this  section,  and  a  svimary  is  given  in  Sec.  4. 


EXPERIMENTAL  AND  THEORETICAL  CONSIDERATIONS 

On  Target  Preparation 

A  total  of  10  rough  particles  with  2  shapes  and  2  refractive  index  groups  were  prepared,  with  the 
following  considerations:  (1)  The  overall  shape  would  resemble  a  roughened  sphere  whose  surface  rough¬ 
ness  would  be  comparable  to  the  microwave  wavelength  X  =3.1835  cm  (2)  The  shape  would  have  some  sym¬ 
metry,  preferably  axisymmeric.  (3)  Particle  size  would  span  the  first  major  resonance  and  the  maximum 
linear  dimension  would  be  less  than  the  acceptable  portion  of  the  beam  wavefront;  i.e.,  i  is  cm.  (4)  The 
voltsne-equivalent  (xv“2nav/X)  and  surface-area-equi valent  (x8*2itaa/X)  size  parameters  of  s  particle  must 

be  easily  defineable.  *vand  s  are  the  radii  of  smooth  spheres  equal  in  volume  and  equal  in  surface-ares 

2 

to  the  rough  particle,  respectively.  This  gives  the  nonsphericity  parameter  »(x8/xv)  i  a  para¬ 
meter  which  not  only  gives  the  measure  of  deviation  of  particle  from  a  smooth  spherical  shape,  but  is 
also  useful  in  converting  the  volume-equivalent  efficiencies  to  the  surface-area-equivalent  efficiencies 

(especially  for  any  convex  particles),  and  vice  versa.  Examples  are:  Q  "p  Q  ;  Q  ”pQ  ; 

ext , v  n  ext, s  sca,v  n  sca,s 

and  so  on. 

The  actual  target  parameters  are  shown  in  Table  I  with  corresponding  coded  particle  identification 
numbers.  Each  particle  of  the  first  shape  is  prepared  by  machining  a  1:1  circular  cylinder  block  so 
that  an  annular  section  having  depth  and  length  equal  to  1/4  of  the  cylinder  dimeter  is  removed  from 
each  end.  A  particle  of  the  second  shape  is  a  stack  of  7  equal-diameter  cylinders,  6  of  which  have  a 
common  length/diameter  ratio  of  2:1  and  symmetrically  surround  a  longer  central  cylinder  which  has  the 
ratio  3:1.  The  first  target  shape  is  perfectly  axisymmetric  so  that  we  can  considerably  reduce  the 
nvmber  of  required  measurements  to  assess  the  scattering  quantities  averaged  over  random  particle 
orientations  [8,  12J.  Although  the  second  target  shape  lacks  complete  ax i symmetry ,  it  nevertheless 

possesses  such  synsetrles  as:  (1)  every  60  5  rotatior  about  the  center  axis  brings  the  particle  to  an 
equivalent  position,  (2)  there  exist  7  planes  of  mirror  symmetry,  one  of  which  is  perpendicular  while 
the  rest  are  parallel  to  the  cylinder  axes.  Analysis  of  the  extinction  as  well  as  angular  scattering 
data  suggest  that  it  also  closely  approximates  the  desired  complete  axisysmetry.  Two  plastic  materials 
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war*  employed  for  the  target  medium.  One  ia  the  plexiglass  material  used  in  our  former  investigation 
[ll]  ,  with  a  refractive  index  m~l.61-i0.004  which  is  characteristic  of  silicate  at  visible  wave- 
lengthe.  The  other  is  a  molded  plastic  f ran  expandable  polystyrene  [8]  .  whose  refractive  index  ma1.36- 
iO.OOS  resembles  that  of  ice  at  visible  wavelengths.  Seven  c  it  of  these  10  rough  particles  are  newly 
fabricated,  while  the  remaining  3  are  from  older  target  Inventories  (CIRCA  1970) . 

P.Q  Plots.  Symmetry  Relations  and  Averaging  Scattering  Quantities 


Presently,  we  standardise  the  presentation  of  our  extinction  data  in  uniform  formate.  A  P.Q 
plot  ia  a  cartesian  representation  of  the  complex  JM)  scattering  amplitude  S(x,*)  of  a  particle  ea  a 
function  of  its  orientation  angles  (  x ,  4') -  X  is  the  angle  between  the  beam  direction  £  and  the 
particle  axis.  ♦  is  the  azimuth  angle  of  the  particle  axis  around  £  as  msasured  f ran  the  1  direction  in 
the  plane  containing  the  incident  electric  and  m&gnatic  fields  2  and  H>  i.e. ,  the  8-H  plane.  Due  to 
the  mathematical  symmetry,  the  totality  of  scattering  quantities  of  an  arbitrarily  orientad  ax i symmetric 
particle  can  be  evaluated  in  a  very  aitqple  manner.  The  particle  axle  needs  only  to  bs  swept  through 
90°  from  the  K-direction  in  two  mutually  orthogonal  planes,  the  k-E  plane  (where  *~0)  and  the  k-H 
plane  (where  *-**Tr  )  of  the  incident  wave.  We  have  shown  that  the  2x2  (M)  complex  scattering  ampli¬ 
tude  matrix  elements  [7]  for  such  an  arbitrarily  orientad  axisynnetric  particle  can  be  represented 
as  [8,  I2J: 


Sj(x.i)  *  Sjtx.O)  cos2*  +  S^Cx.'jx)  sin2* 

S2(X.*)  -  Sl(x.O)  sin2*  +  SjCx.'iw)  cos2* 

S3(x.*)  -  S4(X.*)  -  (  S^x.Jjx)  -  Sjtx.O)  )  cos*  sin* 

From  Eq.  (1)  the  expressions  for  the  perpendicular  (  i(1  ),  parallel  (  )  and  crose-polarized  l  i 12  ) 

scattering  intensity  components,  and  their  values  averaged  over  random  particle  orientations  (I^,  l 22 
and  I^2)  are  found  to  be: 

^11  “  1  S1  |2  “  |Sj(x.O)  |  COS4*  +  |si(x,1*w)|28in4* 

+  2  £ Re(  Sj  (x,0)  }Re(  Sj  (x,*S»)  )  +  Id  SjCx.O)  )Iin(  Sj  (x.h*)  }Jcos2*  sin2* 
*22  “  I  s2  !2  "  lsi<X,«*")|2cos4*  +  |si<x,0)|2sin4*  (2) 

+  2  f  Re(  Sj(x,0))Rd  S^x,1^))  +  Id  Sjtx.OlHd  Sj  (x.*!*)  >3cos2*  sin2* 
*12  “  I  S3  1 2  ”  I  S4  1 2  ”  ISjtx.1*1')  -  Sj(x,0)  |2cos2*  sin2* 


and 


2ir  a 


11 


“  4*/  di  f  *11  aln*  dX  ■  if  [  I S  j(x.0)  ! 2  +  Is^x.'i*)!2  ]  sinx  dx 

i>  ■'0  •'0 

*sw 

+  \f  t  ^S1(X,0))Re{S1(x,‘sii))  +  Id  SjCx.O))^  Sjix.l^))  ]  sinX  dX 


(3) 
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*22  "  *11 


fcW  ■  * 1 

l\2*  Ttf  il2  *lnx  dx  *  \J  I  Sl(x,,pf)  -  Sl(x,0)  I2  8inx  dx 


The  extinction  cross  section  Cexfc(x»i)  at  particle  orientation  (x»t)  is  related  to  the  ^0  complex 
scattering  amplitude  S^(x,t)  through  the  well-known  Optical  Theorem  [7]: 

Cext(x**)  “  {si(X.*)}  <«>• 

The  P  and  Q  components  of  all  P,Q  plot  in  this  paper  are  defined  as 


PCX.*)  “  %  Sj(x.*)  > 


Q(x.P)  "  Re  {  S^x.4-)} 


i.e.,  the  Q  coordinate  gives  the  volume-equivalent  extinction  efficiency  Qext  v  at  the  particle  orienta¬ 
tion  (x,<>)  while  the  similarly  calibrated  P  coordinate  gives  the  phase  shift  $(x,>l')  of  the  (M)  scattered 
wave  via  the  relation 

4(X»*)  “  tan  1  [Q(Xi*)/P(X>t>]  (6) 

The  magnitude  of  the  (hO  scattering  amplitude  S.(x,+)  can  also  be  evaluated  as 

2  1  2 


Vx.t)  “  4*  C<P  +  Q  ] 


ISjtx.*)  |  “  -f-  [  ?2  +  q2  i* 


Finally,  the  averaged  volume-equivalent  extinction  efficiency  Q 


is  evaluated  from  Eqs.(5)  &  (1)  as 


T»  *7»  *71 

Qext  v  m  8lnx  dX^Hx.*)  d*  -  jJq  Cq(x,0)  +  Q(x,  ‘s*)]  oinx  dx 

Two  numerical  examples  of  such  sveraged  efficiencies  are  shown  in  Figs.  IB  A  1C. 


EXPERIMENTAL  RESULTS,  ANALYSIS  AND  DISCUSSIONS 

All  extinction  measurement  results  are  shown  in  Figs.  1A-1D  in  uniform  P,Q  plot  formats.  Figs.  1A 
and  ID  contain  data  for  4  particles,  while  Figs.  IB  and  1C  contain  one  for  each  figure  to  avoid  overlap¬ 
ping  of  plotted  curves.  For  each  particle  the  Mie  theory  result  for  the  smooth  sphere  possessing  the 
same  volume  and  identical  refractive  index  is  also  tabulated  in  Table  II,  along  with  the  numerical 
results  for  the  averaged  scattering  intensity  I.,  and  the  volume-equivalent  extinction  efficiency  Q 

X 1  BXC p V 

averaged  over  random  particle  orientations  (See  Eqs.(3)  &  (7)).  The  range  of  variation  of  the  phase 
shift  ♦(x,*1)  of  the  f^O  scattered  wave  as  observed  during  the  entire  particle  rotation  is  also  tabulated 
in  Table  II  as  A+,  measured  from  its  median  value  $.  We  have  reoorted  earlier  that  for  randomly  oriented 
particles  of  moderately  lew  refractive  Indices  the  volume-equivalent  phase-shift  parameter  Pv»2xv(m’-1) 
was  one  of  the  most  dominant  parameters  in  the  extinction  process  [12,13,14].  This  is  again  clearly  seen 
in  Fig.  2  for  the  10  rough  particles  in  this  Investigation.  We  mention  several  remarkable  features  as 
noted  from  the  analysis  of  these  experimental  P,Q  plots  (Figs.  1A-1D)  and  the  comparison  with  Hie  theory 
predictions  for  smooth  spheres  of  equal  volume  (Fig.  2  and  Table  II):  (1)  Corgjared  to  the  P,Q  plots  for 
nonapherlcal  particles  of  simpler  geometrical  shapes  such  as  Bpherolda,  cylinders  and  disks  [8,  11,  13] 
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rough  particles  are  much  more  complex  in  their  particle-orientation  dependence,  and  very  few  predictable 
trends  are  apparent.  Yet  a  closer  examination  shows  that  for  a  given  refractive  r.ndex  the  extent  of 
variation  and  the  complexity  of  curves  In  P,Q  space  Increase  with  Increasing  particle  site.  Also,  the 
median  point  In  P,Q  space,  representing  the  mean  of  P,Q  coordinates  over  all  possible  orientations  of  a 
given  rough  particle,  traces  a  clockwise  spiral  as  the  site  or  the  parameter  py  Increases,  converging 
toward  a  limiting  point  P-0,  Q-2pn  at  Pv~>.  This  is  analogous  to  a  trend  exhibited  by  smooth  spheres 
[Ref.  7,  p. 264]  and  by  oriented  infinite  cylinders  [8].  (2)  For  most  of  the  Individual  particles  the 

scattering  intensity  lu  and  extinction  efficiency  0^“*  averaged  over  random  orientations  are  better 
approximated  by  Mle  theory  for  the  corresponding  equal-volume  (same  xy)  spheres  than  for  the  equal- 
surface-area  (same  xg)  spheres  (See  Table  II.  Results  for  the  same  xg  are,  however,  not  shown.).  More 
remarkably.  Mle  theory  phase-shift  using  xy  fslls  within  the  limits  of  Che  observed  phase-shift  *  ±  A*. 
These  facts  clesrly  indicate  that  particle  volume  ie  one  of  the  dominant  controlling  parameters  in  the 
extinction  prooeoa,  and  surface  roughness  enters  as  a  second  order  perturbation  parameter.  (3)  The 
effect  of  surface  roughness  on  extinction  appears  primarily  in  the  particle-orientation  dependence.  The 
larger  the  particle  size  and  hence  the  more  pronounced  the  surface  roughness  for  the  particle  shapes  in 
this  paper,  the  larger  are  the  variations  In  JSjfx.'P)  l  and  4(x,*)  during  a  particle’s  rotation  -  which 
in  turn  lead  to  a  larger  variation  in  extinction  efficiency.  This  suggests  that  In  evaluating  extinc¬ 
tion  averages  over  particle  orientations,  a  larger  number  of  orientations  are  needed  for  larger  rough 
particles  than  for  smaller  ones.  For  this  reason  the  estimated  Qextv  values  for  the  larger  rough 
particles  (  py  >  A. 5  )  In  our  earlier  nubllcatlons  [A,  9,  10]  could  have  been  seriously  overestimated 
due  to  the  rather  small  total  nunfcer  of  orientations  then  available  (  MO  orientations  compared  to  our 
present  37  orientations).  (A)  The  extinction  averaged  over  all  random  orientations  for  such  a  roughened 
sphere- like  particle  la  not  very  different  from  that  for  an  equal  volume  smooth  sphere  with  the  same 
refractive  Index.  The  extinction  curve  for  such  rough  particles  (Fig.  2)  will  nevertheless  show  a 
slight  damping  In  its  resonance  profile,  resembling  that  for  smooth  spheres  with  a  slightly  increased 
absorption  part  of  the  complex  refractive  Index.  Notie  that  both  of  the  particle  shapes  are  roughly 
lil  In  aspect  ratio;  l.e,,  that  of  a  sphere.  Combined  with  our  earlier  findings  [8,  9,  10,  12,  13,  1A] 
it  la  reasonable  to  conclude  that  pv  and  the  aspect  ratio  are  the  two  major  controlling  factors  in  an 
extinction  process  for  randomly  oriented  nonepherioal  particles. 

SUMMARY 

(1)  The  two  most  dominant  parameters  which  cr  trol  the  extinction  for  randomly  oriented  nonspherlcsl 
particles  are  the  volume-equivalent  phase-shift  parameter  oy  and  the  aspect  ratio  of  the  particle  shape. 
For  the  rough  particles  of  this  Investigation  whose  overall  aspect  ratio  does  not  differ  significantly 
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from  that  of  spheres,  the  extinction  averaged  over  random  orientations  is  therefore  closely  approximated 
by  equal  volume  spheres  with  identical  refractive  index.  (2)  The  effect  of  surface  roughness  on  extinc¬ 
tion  shows  up  mainly  in  the  particle-orientation  dependence.  The  larger  the  particle  size  and  surface 
roughness,  the  greater  is  the  variation  in  extinction  as  the  particle  rotates.  (3)  Such  orientation- 
dependent  variation  can  be  considered  as  a  perturbation  caused  by  surface  roughness  oti  extinction  by  a 
smooth  sphere  of  equal  volume,  although  no  simple  quantitative  formulation  Is  presently  available. 

(4)  At  least  up  to  the  2nd  major  extinction  peak  in  particle  size,  the  extinction  by  randomly  oriented 
roughened  spheres  is  closely  approximated  by  that  of  equal  volume  spheres  of  the  same  refractive  index. 
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TABLE  I.  MICROWAVE  TARGET  P 


TABU  It 

COMPARISON 

BETWEEN  • 

*  0  MICROWAVE  DATA 

FOB  RANDOMLY 

ORIENTED  ROUGH  PARTICLES  AND  HIE  THEORY 

RESULTS  FOR 

EQUAL-VOLUME  SPHERES. 

Target 

Vol.-Bqulv. 

Vol.-Equiv. 

Coag>lex 

Data 

Averaged 

Phase  Averaged 

Slsa 

Phaaa-shift 

Rafractlva  Source 

Scatt. 

Shift/  Vcl.-lquiv 

to  # 

Paraaatar 

Paraaatar 

Index 

Intensity 

Range  Extinction 
(Deg.  )  Efficiency 

X 

V 

% 

1 

1 

■ 

1  * 

hi 

♦  ±  w 

15*001 

3.650 

4.453 

1.61- 

EXPT. 

153.4 

102.4*6.6  3.68 

io.oo* 

ms 

187.09 

91.2  4.106 

155001 

5.499 

6.709 

1.61- 

EXPT. 

456.4 

110.8*13.8  2.51 

<0.004 

HIE 

382.99 

110.0  2.433 

157001 

7.346 

8.962 

1.61- 

EXPT. 

1155.6 

88.2*11.2  2.49 

<0.004 

K1E 

974.31 

83.7  2.300 

159001 

8.626 

10.524 

1.61- 

EXPT. 

3104.0 

97.0*19.0  2.89 

<0.004 

HIE 

3332.4 

86.8  3.098 

1*3001 

3.592 

1.839 

1.255- 

EXPT. 

70.10 

42.0*4.5  1.78 

<0.003 

MIE 

69.305 

y>  3  1.5*61 

1*5001 

5.184 

4.023 

1.388- 

EXPT. 

697.9 

83.5*6.0  3.90 

<0.005 

MIE 

713.36 

80.9  3.925 

020003 

4.257 

3.116 

1.366- 

EXPT. 

295.5 

59.0*3.5  3.25 

<0.005 

KLE 

290.68 

63.6  3.370 

020002 

6.069 

4.454 

1.367 

EXPT. 

1339.4 

87.5*6.0  3.96 

<0.005 

MIE 

1236.1 

69.0  3.818 

020001 

7.694 

5.540 

1.360- 

EXPT. 

2925.5 

105.5*10.5  3.43 

<0.005 

MIE 

2146.6 

105.7  3.014 

020000 

12.882 

9.095 

1.353- 

EXPT. 

10129.2 

96.4*27.3  2.34 

<0.005 

MIE 

9385.1 

79.4  2.295 
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EXTINCTION  BY  RANDOMLY  ORIENTED 
ROUGH  PARTICLES 


Continuous  curve*  ere  the  Hie  theory  result*  for  seooth  sphere* . 

Symbols:  ♦  Type  1  plexiglass  particles;  O  Type  1  dylite  particles; 

•  Type  2  dyllte  particles. 

See  also  Table  I  for  the  target  parameters. 


ANGULAR  SCATTERING  BY  ROUGH  PARTICLES 


R.  T.  Wang 

Space  Astronomy  Laboratory,  Unlv.  of  Florida, 
Gainesville,  FL  32609 


ABSTRACT 


This  paper  presents  the  microwave  angular  scattering  measurement  results  of  1983-1984  for  the  10 
rough  particles  whose  extinction-measurement  result*  and  analysis  have  been  reported  In 

R.  T.  Wang,  Extinction  by  Rough  Particles,  in  'Proc.,  1984  CRDC  Scientific  Conference  on  Obscura¬ 
tion  and  Aerosol  Research,'  R.  Kohl,  ed.,  Artsy  CRDC,  Aberdeen,  MD  (this  volume). 

Data  for  ooth  randomly  and  preferentially  oriented  particles  are  shown  in  extensive  but  uniform  form. 

Comparisons  are  also  made  with  Hie  theory  results  for  smooth  spheres  possessing  the  same  volume  and  re¬ 

fractive  Index  as  the  Individual  particles,  and  with  Hie- theory  results  for  spheres  whose  sices  are  dis¬ 
tributed  according  to  a  narrow  gamma  distribution  [See  Refs.  1,  2]  around  individual  particle  sice.  We 
followed  closely  the  procedures  and  formats  employed  In  our  previous  investigations  for  other  particle 
shapes: 

D.  W.  Schuerman,  R.  T.  Wang,  B.  X.  S.  Gustafson  and  R.  W.  Schaefer,  Systematic  Studies  of  Light 
Scattering.  1:  Particle  Shape,  Appl.  Opt.  20,  4039  (1981). 

R.  T.  Wang  and  B.  %.  S.  Gustafson,  Angular  Scattering  and  Polarisation  by  Randomly  Oriented  Dumb¬ 
bells  and  Chains  of  Spheres,  In  ’Proc.,  1983  C8L  Scientific  Conference  on  Obscuration  and  Aero¬ 
sol  Research,'  J.  Farmer  and  R.  Kohl,  eda.,  RHK  &  A,  Tullahoma,  TN.  pp  237-247  (Draft  for 

speaker's  use  only.  Formal  Proc.  In  press). 

Mia -theory  analysis  for  site-distributed  spheres  is  an  extension  of  the  author's  previous  slmllsr  work 
In  extinction: 

R.  T.  Wang,  Slmllarltlea  and  Differences  between  Light-wave  and  Scalar-wave  Extinctions  by  Spheres, 
in  'Proc.,  1982  CS1.  Scientific  Conference  on  Obscuration  sod  Aerosol  Research,'  R.  Kohl,  cd., 
ARCSL-SP-83011  pp.  187-200,  Army  CSL,  Aberdeen,  MD  (1983). 

Strikingly  slmllsr  enguler  ecetterlng  patterns  between  e  randomly  oriented  cube  [Refs.  11,  12]  and  a 
similarly  sized,  randomly  oriented  rough  particle  are  aleo  presented.  This  paper  is  another  step  In  our 
continuing  endeavour  to  systematically  understand  and  characterise  tne  scattering  by  irregular  particles; 
the  summarised  findings  or  the  extended  analysis  will  aleo  be  submitted  to  Applied  Optics  for  publica¬ 
tion. 

INTRODUCTION 

This  article  reports  our  first  microwave  measurements  on  the  detailed  enguler  distribution  of  light 
scattered  by  single  rough  particles  of  precisely  known  aiae,  surface  roughneee,  refraotive  index  end 
orientation  In  the  beam.  This  type  of  measurement  Is  presently  possible  only  through  the  use  of  the 
microwave  analog  technique  [4,  10]  because  of  Its  exceptional  capability  for  accurately  controlling  the 
above  Important  ecetterlng  parameters.  In  addition,  the  employment  of  the  microwave-unique  compensation 
technique  allows  us  to  discriminate  the  true  scattered  wave  against  the  unwanted,  yet  large  coherent 
background,  even  In  the  beam  direction.  As  was  described  In  a  separate  article  of  this  volume  [9],  we 
focus  our  Investigation  here  only  on  those  particles  which  can  be  considered  as  roughened  epheres;  l.e., 
whose  overall  aspect  ratio  Is  not  significantly  different  from  1:1,  thereby  allowing  ua  to  compare  the 
results  with  those  for  smooth  spheres  of  equal  volume. 
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The  following  section,  Sec.  2,  briefly  describes  Che  definitions,  symbols  and  notation  for  the 
scattering  quantities  displayed  In  this  article;  it  also  gives  short  accounts  on  experimental  procedures 
and  on  averaging  scattering  quantities  over  random  particle  orientations  or  over  size-distributed 
spheres.  This  Is  followed  by  Sec.  3  where  the  scattering  data  are  displayed,  comparisons  are  made 
with  Mie  theory  for  the  equal-volume  spheres  and  with  size-distributed  spheres  and/or  a  cube  [11], 
and  where  the  related  analysis  and  discussions  are  included.  This  article  then  concludes  with  the 
summary  of  findings. 


EXPERIMENTAL  AND  THEORETICAL  CONSIDERATIONS 
Particle  Shapa  and  Measurement  Procedures 

Preparation  of  targets  In  this  investigation  has  been  explained  in  the  preceding  article  [9]  and 
we  duplicate  here  Its  Table  I  showing  the  detailed  parameters  for  aach  particle.  Of  these  10  rough  par¬ 
ticles,  6  are  axlsymmetric  In  shape.  To  assess  the  scattering  from  these  particles 
averaged  over  random  orientation,  one  needs  hy  virtue  of  mathematical  symmetry,  at  each  scattering  g 
angle  0,  only  to  measure  the  scattering  at  those  particle  orientations  (33  In  total)  where  the 
particle-axis  directions  are  uniformly  distributed  in  an  octant  of  apace  bounded  by  the  bisectrix 
plane.  Although  the  remaining  4  particles  lack  such  complete  axlsymmstry,  they  do  closely  approx¬ 
imate  this  partly  due  to  the  fact  that  there  exist  7  planes  of  mirror  symmetry  in  their  shape, 
and  ws  employed  the  same  procedures  1"  orienting  the  particles  In  the  beam  for  both  particle  shapes. 

The  measurement  procedures  are  the  same  as  in  our  previous  investigations  [4,  8],  We  measure  3 
polarization  components  of  the  scattered  Intensity  at  each  scattering  angle  &  These  components  are> 
ijj,  where  both  the  beam  and  the  reception  antennas  are  polarized  vertically (i.e. ,  perpendicular  to  the 
scattering  plane);  i 22,  where  both  are  horizontal;  and  i 12>  where  the  beam  polarization  Is  vertical  end 
the  reception  polarization  horizontal.  At  each  of  these  polarization  settings,  the  target  Is  varied 
through  44  preselected  orientations  with  rsspset  to  the  beam,  of  which  35  are  used  in  computing  the  mean 
Intensity  averaged  over  random  orientations  while  the  remaining  9  are  rhe  preferential  orientations  for 
convenience  In  theoretlcsl/csllbratlonsl  purposes.  Immediately  after  attaining  each  of  these  44  orien¬ 
tations,  the  target-orlentstion  mechanism  is  halted  to  record  the  detected  signal  onto  s  computer  disc  - 
ette  before  proceeding  to  the  next  orientation.  The  random  orientation  averages  of  fjj,  i 22  and 
over  the  35  orientations,  denoted  in  this  paper  by  1^,  I22  I^  respectively,  ere  also  computed  dur¬ 
ing  the  actual  run  along  with  their  standard  deviations.  At  6*0,  the  averaged  Intensities  Ijj»  ^2 
(■Ijj)  and  1^2  are  derived  from  the  extinction  measurements  [Eqs.  (3),  Ref.  9]. 

The  absolute  magnitudes  of  Ijj,  l22  and  Il2  (also  and  <22 ),  lr  which  all  the  results  are  plot¬ 
ted,  are  calibrated  by  standard  targets  of  known  scattering  intensity.  For  example,  Ijj.  I2?,  i jj  and 
1 22  *re  calibrated  by  a  standard  sphere  of  x"5.001,  nr*!. 629— fO. 0125,  f ^ j(50°)j^#“31 .27  and 
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^22^0°)nie“2it. 36,  run  shortly  before  and  after  a  series  of  runs  in  10°  <  6  (5°)  ^  170°  for  each  rough 
particle  with  fixed  beam/recelver  polarisations.  Similarly,  the  cross-polarized  component  is  cali¬ 
brated  by  a  standard  spheroid  of  x  -5.807,  m-l.61-i0.004,  I,,(12o\.  .  ,-3.0897.  For  the  measure- 

oent  of  8  coarser  angular  Interval  20°  <  0  (20°)  <  170°  was  employed,  due  to  the  generally  lower- 

level  signals  of  1^2  compared  to  1^  and  I 22  (1-3  orders  of  magnitude  lower,  even  near  their  peaks  at 
100°  i.  6*  140°).  Moderately  small,  rough  particles  have  rather  smooth  variations  of  1^  and  over 
the  entire  angular  range.  In  such  cases  a  coarser  interval  of  10°  was  taken  for  the  measurements,  espe¬ 
cially  when  0  2  70°.  The  missing  Ijj,  I 22  ssd  ^ata  af-  the  omitted  angles,  such  as  6  -5°,  75°,  etc., 

were  filled  In  by  a  3rd  order  Altken- Lagrange  polynomial  interpolation  technique  [5].  In  all  cases,  1^, 
I22  and  I^2  are  the  simple  arithmetic  means  of  f^,  i 22  and  i^2>  respectively,  over  the  35  particle 
orientations. 

Scattering  by  Size-Distributed  Spheres 

In  most  situations,  the  scattering  particles  are  distributed  In  size.  The  resulting  scattering 
pattern  by  such  a  polydiaperae  system  of  particulates  is  simply  an  Integrated  pattern  of  all  single- 
particle  contributions  from  Individual  particulates,  as  long  as  they  are  mutually  well  separated  and 
hence  scatter  Independently  of  each  other.  The  evaluation  of  such  a  cumulative  pattern  Is  further  based 
■  .i  a  number  of  simplifying  assumptions  such  as:  (1)  All  ocatterers  are  spherical  In  shape.  (2)  The  re¬ 
fractive  indexes  of  all  particles  are  the  same.  (3)  The  particle  size  follows  a  certain  law  of  distrib¬ 
ution;  e.g.,  the  power  lew,  the  log-normal,  the  blmodal,  the  gamma  distribution,  etc  [l,  2,  3],  In  a 
previous  paper  [7]  we  reported  that  the  use  of  a  gamma  distribution  [l,  2]  of  sphere  sizes  to  replace  a 
single-size  sphere  resulted  In  the  smoothing  out  of  ripples  in  extinction  curves  for  smooth  spheres. 

The  observed  smoothing  out  of  phase  functions  for  rough  particles  has  motivated  us  to  extend  the  same 
slze-dlstrlbutlon  analysis  for  the  present  work. 

In  terms  of  the  size  parameter  x-2xa/X  of  each  constituent  sphere  the  standard  size  distribution 
(or  simply  the  gamma  distribution)  of  Hanseu  and  Travis  [2]  is 

n(x)  -  const  x^"3b)/b  exp  £  -x/(xyb)  ]  (1) 

where  b  Is  the  affaotiva  varlanoa  of  the  distribution,  a  measure  of  spread  of  the  particle  number  den¬ 
sity  n(x)  around  the  affaotiva  eina  paramatar  %vm2nm^/\,  the  volume-equivalent  size  parameter  of  the 
rough  particle.  av  Is  the  radius  of  the  sphere  equal  in  volume  to  the  rough  particle.  For  this  inves¬ 
tigation  the  observed  phase  functions  of  rough  particles  were  found  rather-well  approximated  by  those 
for  size-distributed  spheres  with  a  very  narrow  spread  In  size;  i.e.,  with  b-0.005.  The  explicit  ex¬ 
pressions  for  Ijj  and  I22,  averaged  over  the  distribution  are 


i . .  (x,m,  6)  n(x)  dx 


n(x)  dx 


I22(x,b, i 


i,,(x,m,  6)  n(x)  dx 


n(x)  dx 


To  avoid  exponential  overf lowa/underf lows  of  Integrands  In  Eqs.  (2)  during  numerical  evaluation,  a 
constant  multiplication  factor  was  Incorporated  Into  both  numerators  and  denominators,  l.e., 


r 

/«,  'n  t 
f'2 

Jx.  exp  C 

P 

«^1  *22  <xp  £ 


(l/b-3)  Ln  x  -  x/(xyb)  -  {  (l/b-3)  Ln  xy  -  1/b  }  ]  dx 


(l/b-3)  Ln  x  -  x/(xvb)  -  (  (l/b-3)  Ln  xy  -  1/b  }  ]  dx 


(l/b-3)  Ln  x  -  x/(xyb)  -  {  (l/b-3)  Ln  xv  -  1/b  )  ]  dx 


J  exp  [  (l/b-3)  Ln  x  -  x/(x  b)  -  {  (l/b-3)  Ln  x  -  1/b  }  ]  dx 
X1 

From  Eqa.  (2)*  the  total  brightness  1^  (the  element  of  the  Mueller  scattering  matrix)  and  the  degree 

of  linear  polarization  P  (— S^/Sj,),  averaged  over  the  size  distribution,  are  derived  as 

'«  -  <  'll  +  *22  >  '  2  ()) 

P  -  (  I„  -  la  >  /  (  1„  *  I„  > 

Sphere  angular  functions  i^fx.rn,  6)  and  i2,(x,m,e  )  were  computed  by  Mle  theory.  The  numerical  Integra¬ 
tions  In  Eqe.  (2)'  were  then  performed  over  60  equally  spaced  x  Intervals  by  Simpson's  rule,  taking 
X|>0.6xy  and  x2a1.5xy  for  the  Integration  limits.  At  these  limits  the  number  densities  n(xj)  and  n(x2> 
are  both  A  orders  of  magnitude  smaller  than  n(xy),  the  number  density  at  the  effective  size  x*xy. 


EXPERIMENTAL  RESULTS,  ANALYSIS  AND  DISCUSSIONS 

Extensive  graphical  displays  of  the  measured  angular  distribution  data  are  presented  ln  this  sec¬ 
tion,  employing  the  same  formats  as  ln  our  previous  Investigation  for  sphere  chains  [8].  Except  for  a 
set  of  data  for  a  randomly  oriented  cube[from  Refs.  11,  123,  all  data  are  shown  in  the  sequence  given  In 
Table  I  for  each  of  the  10  rough  particles  investigated.  A  total  of  AO  figures,  FlgB.  1A-10D  Inclusive, 
show  the  angular  data  for  randomly  oriented  rough  particles,  four  figures  for  each  particle.  Tor  exam¬ 
ple,  Figs.  IA  to  1C  respectively  show  In  semilog  form  the  scattering  Intensities  Ijj,  I22<  Ij2  and 
Ijj  ■  (*h+*22+^12^^’  v*r,u*  acatterlng  angle  6.  All  6  's  are  ln  the  common  range  0°  <  0  <  170°  , 
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with  the  ©  “0°  data  being  derived  from  the  extinction  measurements  [9],  Bach  of  these  40  figures  con¬ 
tains  a  continuous  theoretical  curve  representing  the  Mie  theory  result  for  the  sphere  equal  in  volume 
and  refractive  index  to  the  rough  particle.  These  40  figures  are  followed  by  similarly  sequenced  addi¬ 
tional  40  figures,  Pigs.  11A-20D,  which  are  identical  to  the  corresponding  figures  in  Pige.  1A-10D 
except  that  the  theoretical  curve  in  each  figure  is  for  the  site-distributed  spheres  explained  In  the 
preceding  section.  These  80  figures  are  then  followed  by  20  more  figures,  Figs.  21A-30B,  for  preferen¬ 
tially  oriented  particles,  again  In  the  same  sequence  as  in  Table  I.  Only  two  figures  are  shown  for 
each  particle  —  i versus  ©and  i ^  versus  © —  in  each  of  which  3  scattering  intensities  recorded  at 
each  of  the  3  special  orientations  are  plotted.  These  3  special  orientations  were  selected  out  of  9 
recorded  preferential  orientations  so  that  the  particle  axis  is  either  parallel  to  tc  or  ®  or  $  vectors 
of  the  incident  wave.  The  figure  presentation  concludes  with  angular  data  for  a  randomly  oriented  cube 
provided  by  R.  Zerull  [12].  His  results  are  presented  here  in  Pigs.  31A-31D  and  Pigs.  32A-32D  In  the 
same  format.  This  particular  cube  has  nearly  the  same  x^  and  refractive  index  as  one  of  our  rough 
particles  (#154001)  and  was  found  to  have  remarkably  similar  scattering  signatures  to  the  latter  (Cf. 
Pigs.  1A-1D  against  Pigs.  31A-31D;  and  Pigs.  11A-11D  against  Pigs.  32A-32D). 


On  Angular  Distribution  of  Scattering  from  Randomly  Oriented  Particles 

Examinations  of  these  phase  functions  by  randomly  oriented  particles  and  comparisons  with  those 
by  single  equal-volume  spheres  (Figs.  1A-10D,  Figs.  31A-31D)  and  with  those  by  gasana-si  re-distributed 
spheres  (Figs.  11A-2CD,  Figs.  32A-32D)  lead  to  the  following  interesting  features:  (1)  Angular  distri¬ 
bution  of  scattered  light  appears  to  be  best  discussed  separately  In  3  angular  regions  of  scattering 
angle  6  :  the  forward  scattering  region  which  contains  the  first  and  second  scattering  lobes;  the  back- 
scattering  region  which  is  roughly  6  2  140°;  and  the  middle  scattering  region  where  6  lies  between  the 
above  two  regions.  The  boundary  between  the  forward  and  middle  scattering  regions  is  primarily  depen¬ 
dent  on  the  particle  size.  (2)  In  the  forward  scattering  region  the  absolute  magnitudes  of  all  phase 


function  components,  and  and  hence  1^,  are  surprisingly  well  predicted  by  Mie  theory  for  the 


smooth  sphere  possessing  the  same  volume  and  refractive  index  aa  the  individual  particle.  The  smaller 
the  particle  size,  the  better  is  this  agreement  (Pigs.  1A-1J5;  Pige.  5A-5D;  Figs.  7A-7D).  (3)  The  first 

forward  scattering  lobe  is  of  particular  interest  for  all  rough  particles.  In  general  it  peaks  at  ©  "0 
and  troughs  rather  steeply  at  an  angle  which  depends  on  the  particle  size.  Mie  theory  for  the  single 
equivalent-volume  sphere  predicts  a  deeper  trough  and  the  size-distributed  theory  s  shallower  one  than 
the  observed  data;  but  for  larger  rough  particles  (#159001  &  #020000)  the  widths  of  the  lobes  are  notice¬ 
ably  narrower  than  the  Mie  curves  (Figs.  4A-4C;  Figs.  10A-10C;  also  Figs.  14A-14C;  Pigs.  20A-20C) .  Thi* 
suggests  that  the  apparent  size  of  such  a  large  particle  may  appear  larger  than  the  equal-volume-sphere 
size  if  one  Judges  the  particle  size  from  the  forward-scatter  lobe  alone.  (4)  Passing  on  to  the  middle 
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scattering  eagle  region,  we  observe  that  as  long  as  the  particle  sire  la  moderately  small  so  that 
Pv  *  5.5,  Mis  theory  results  continue  to  agree  well  with  the  observed  angular  scattering,  especially 
when  the  slte-dlstrlbuted-spheres  theory  with  small  variance  b*0.005  was  employed.  Large  oscillations 
in  angular  distribution  characteristic  of  smooth  spheres  ere,  however,  markedly  damped  for  these  rough 
particles  and  the  Hie  theory  for  single  volume-equivalent  spheres  falls  to  account  for  the  smearing  out 

of  the  profile  -  especially  near  the  troughs.  We  note,  however,  that  the  choice  of  other  values  for 

the  effective  variance,  b»0.01  and  b«0.05  for  example,  resulted  In  over-smearing  of  the  angular  distri¬ 
bution  profiles.  (5)  When  the  particle  site  becomes  larger  (  Pv  k  S.5  ),  marked  differences  between 
observation  and  theory  are  obvious  by  inspection  of  these  figures.  In  addition  to  the  absence  of  large 
oscillations  in  angular  profile  which  Is  characteristic  for  smooth  spheres,  the  angular  positions  and 
magnltudae  of  peaks/troughs  of  scattering  lobes  are  not  well  correlated  to  the  theoretical  predictions. 
Nevertheless,  there  exist  s  number  of  peaks / troughs ,  which  are  Indicative  of  the  particle  site  and  whose 
amplitudes  of  oscillation  are  less  prominent  than  spheres  but  are  more  prr~  -  unced  than  many  of  those  we 

have  Investigated  ao  far  [4],  In  general,  more  oscillations  in  sea _ r.;  lobes  are  observable  in  I }  ^ 

component  than  In  I22  component  (Figs.  2A-2C;  Figs.  3A-3C;  Figs.  4A-4C;  Figs.  5A-5C;  Figs.  10A-10C). 

(6)  Also  in  the  middle  scattering  angles,  all  lntenaity  components  I  122  and  1^  are  In  general  larger 
than  those  corresponding  Mle  theory  results  for  the  larger  particles;  the  I . ^  intensity  components  be¬ 
ing  the  most  significantly  different  (Figs.  3A-3C;  Figs.  4A-4C;  Figs.  9A-9C;  Figs.  10A-10C;  Also  Figs. 
13A-13C;  Figs.  14A-14C;  Pigs.  19A-19C;  Figs.  20A-20C).  (7)  Significant  departures  of  the  observed  scat¬ 

tering  from  the  theoretical  results  occur  mainly  In  backscattering  angles,  large  and  small  rough  parti¬ 
cles  alike.  Except  for  a  few  exceptional  cases  (Figs.  15A-15C),  sphere-theoretical  results  Increasingly 
overestimate  the  backscatter  Intensities  as  one  goes  toward  0  -180°.  The  onset  backscatter  angle  of 
the  above  departure  is  not  clearly  definable,  however.  It  appears  to  be  easiest  to  estimate  this  onset 
angle  by  Inspecting  the  1^  (the  1,1  element  of  the  Mueller  scattering  matrix)  versus  6  plot  and  compar¬ 
ing  with  the  aine-dietrlbuted-ephereB  Mie  theory  reeulte.  For  example,  inspection  of  Fig.  He  for  the 
particle  #154001  gives  the  onset  angle  0  “135°  with  backscatter  intensity  reduction  of  about  a  factor  2 
at  0  »170°;  while  a  similar  examination  of  Fig.  14c  for  the  particle  #159001  gives  6  *=  150°  with  the 
reduction  factor  «5  at  6  >170°.  These  two  particles  are  the  smallest  and  the  largest  of  the  first 
ahape  rough  particles  (See  Table  I)  which  possess  the  slllcate-llke  refractive  index  m»1.61-f0.004. 

On  the  other  hand,  studies  of  Figs,  17C  and  20C  for  the  smallest  and  largest  of  the  second  shape  rough 
particles  (Ice- like  refractive  Index  m«i. 36-f0.005)  show  that  the  onset  angles  and  the  backscatter 
reduction  factors  are  respectively  (  120°,  1.5  )  and  (  120°,  2  ).  Thus,  it  suggests  thst  the  backecat- 
ter  profiles  are  considerably  affected  by  both  the  shape  and  the  refractive  index  of  a  particle, 

(8)  Agreement  between  the  Mle  theory  prediction  and  the  observed  degree  of  linear  polarization  Is  good 


only  for  the  4  smallest  rough  particles  where  Pv  14.45  (#143001,  #145001,  #020003  and  #154001;  see  Figs. 
5D  &  150;  Figs.  60  6  160;  Figs.  70  &  170;  Figs.  10  6  110).  For  the  larger-sized  particles  the  polarisa¬ 
tion  is  unpredictable  but  It  appears  the  polarisation  la  much  more  reduced  In  magnitude  than  the  Mie 
theory  results,  and  Is  In  general  within  ±50X.  (9)  The  arose-polarised  oanpcment  of  scattering  inten¬ 
sity  averaged  over  randoi^particle  orientations,  Ij2»  general  1-3  orders  of  magnitude  smaller  th^u 

the  corresponding  I  t  and  I n  at  all  scattering  angles.  For  example,  the  absolute  magnitude  of  I12 
Itself  was  found  in  many  cases  so  small  that  it  was  comparable  to  that  of  the  uncompensated  background 
signal.  Unless  I12  is  greater  than  -0.2,  it  can  thus  be  neglected  in  comparison  to  I^j  and  1J2  in  com¬ 
puting  the  total  brightness  1N  and  the  degree  of  linear  polarisation.  Nevertheless,  we  kept  all  I12 
terms  in  our  actual  evaluation.  (10)  Figs.  31A-310  show  the  angular  distribution  data  for  a  randomly 
oi iented  cube  whose  target  parameters  are  very  close  to  those  of  our  rough  particle  #154001  (See  also 
Table  I  and  Figs.  1A-10).  The  name  cube  data  as  compared  to  the  Mie  theory  results  for  gamma-aite- 
distributed  spheres  are  shown  in  Figs.  32A-320,  to  be  compared  to  the  similar  set  of  figures,  Figs.UA- 
110,  for  the  above  rough  particle.  The  cube  data  were  obtained  using  an  8  mm  microwave  analog  facility 
in  Ruhr  Unlv, ,  Bochum,  FRG  by  R.  Zerull  who  also  provided  the  numerical  results  in  his  publication  [ll, 
12],  from  which  we  could  present  them  in  our  format.  Aside  from  several  differences  from  ours  (such  as 
their  data  for  0< 15°  were  absent  and  the  scattering  intensities  at  Ql30°  were  markedly  smaller  than 
those  of  the  equal— volume  sphere)  the  rough  particle  and  cube  data  are  remarkably  similar  in  angular 
signatures.  These  similarities  suggest  that  for  email  randomly  oriented  irregular  partiolee  whoee  over¬ 
all  aspect  ratio  ie  olooe  to  that  of  a  sphere,  the  angular  distribution  can  be  fairly  accurately  pre¬ 
dicted  by  Mie  theory  for  the  equal-volume  sphere  with  the  same  index  of  refraction. 


Figs.  21A-30B,  a  total  of  20  figures,  are  the  angular  data  for  preferentially  oriented  rough  parti¬ 
cles,  in  which  A  is  for  the  ij,  intensity  component  where  both  the  beam  and  receiver  polarisations  are 
perpendicular  to  the  horizontal  scattering  plane,  and  B  is  for  the  i^  component  whore  both  polariza¬ 
tions  are  parallel  to  the  horizontal  scattering  plane.  Only  3  special  particle  orientations  are  se¬ 
lected  in  this  paper  to  avoid  overcrowding.  These  3  are  distinguished  by  simbols  ®,  +  and  x  to  denote 
respectively  the  rough-particle  orientations  when  the  particle  axis  Is  parallel  to  the  incident  beam 
direction  k,  parallel  to  the  incident  electric  field  2,  and  parallel  to  the  incident  magnetic  field  S 
(for  the  latter  two  the  particle  axis  is  perpendicular  to  St).  Unlike  the  previous  cases  where  the  scat¬ 
terings  are  averaged  over  the  random  orientations,  far  lass  outstanding  features  are  obvious  by  exami¬ 
nation  of  these  figures  for  oriented  particles.  Nevertheless,  there  are  several  notable  signatures 
characteristic  of  the  particle  shape:  (1)  Fixing  our  attention  only  on  one  special  orientation,  say  E, 

the  angular  distribution  profile  consists  of  distinct  lobes  with  respect  to  the  variation  in  scattering 


angle  6  i  And  eh*  larger  th*  p«rtid*  alee  the  greater  the  number  of  lobes  along  with  larger  variations 
In  th*  aaplltudes  of  the  lobes.  (2)  The  angular  positions  of  the  peaks  and  troughs  of  these  lobes  can 
be  roughly  estimated  from  Mle  theory  for  the  equal- volume  sphere  at  forward  scattering  angles  (6<50°), 
but  thle  correlation  becomes  progressively  poorer  at  higher  scattering  angles.  (3)  The  difference  In 
absolute  magnitude  of  scattering  between  any  2  of  th*  3  special  orientations  is  smaller  at  small  scat¬ 
tering  angles  but  Is  more  pronounced  at  higher  S'  s.  Similar  features  were  also  observed  for  spheres 
with  suspected  non-homogeneoua  target  material  [6].  Up  to  -2  orders  of  magnitude  difference  between  2 
different  orientations  were  noticeable  from  these  figures,  although  not  shown,  variations  of  up  to  *3 
orders  of  magnitude  were  frequently  observed  during  many  series  of  orientation  changes  for  these  rough 
particles,  especially  when  Che  particle  site  was  large  and  when  observed  at  high  scattering  angles. 

This  leads  us  to  believe  the  angular  scattering  by  a  rough  particle  is  very  orientation  sensitive , 
particularly  at  large  scattering  angles.  Thus,  in  a  scattering  chamber  using  visible  wavelengths,  a 
a  rotating  Irregular  particulate  would  manifest  Itself  by  the  "twinkling"  of  scattered  light. 

SUMMARY 

(1)  Particle  volume  la  one  of  the  most  dominant  parameters  which  characterizes  the  angular  scattering 
by  randomly  oriented,  roughened-sphere-like  particles. 

(2)  For  such  a  small  rough  particle  whose  volume-equivalent  phase-shift  parameter  py  la  less  than  about 
5.5,  a  rather  good  approximation  to  the  observed  angular  distribution  and  polarization  of  scattered 

light  can  be  made  by  use  of  Mle  theory  for  spheres  whose  sizes  follow  the  gamma  distribution  around 
the  effective  size  xy  (the  volume-equivalent  size  parameter  of  the  rough  particle)  and  with  an  effec¬ 
tive  variance  b"0.005  for  the  distribution,  all  spheres  having  the  same  refractive  index  as  that  of 
the  rough  particle.  The  approximation  Is,  however,  not  applicable  to  the  backacatter  region  where 
no  theory  is  presently  available  to  explain  the  reduced  backscatter  intensity  in  comparison  to  the 
smooth-sphere  models. 

(3)  For  a  larger  randomly  oriented  rough  particle  (  ov  45.5  )  the  effects  of  surface  roughness  appear 
primarily  In  the  middle  and  backacattering  angles,  In  that  a  rough  particle  scatters  more  light  In 
the  mlddle-scatterlng-angle  region,  and  leas  In  the  backscatter  region,  compared  to  the  equivalent 
sphere  or  to  the  equivalent  ensemble  of  gamma-slze-dlatrlbuted  spheres.  In  the  forward  scatter 
region  up  to  the  second  major  scattering  lobe,  the  afore-mentioned  alze-dlstrlbuted-spheres  Mle 
theory  continues  to  be  a  good  approximation,  but  it  tends  to  underestimate  the  depth  of  the  first 
trough  and  slightly  overestimate  the  angular  width  of  the  first  major  lobe. 

(A)  Scattering  by  a  rough  particle  Is  extremely  particle-orientation  sensitive  in  the  middle  and  back- 
scattering  angles.  For  each  of  the  3  selected  principal  orientations  in  thio  report,  however,  the 
angular  scattering  profile  consists  of  distinct  lobes,  the  angular  positions  of  the  peaks/troughs 
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in  the  forward  and  Biddle  scattering  region  can  be  fairly  well  predicted  by  Mle  theory  for  the 
smooth  sphere  having  the  sane  volune  and  refractive  index  as  the  rough  particle. 

(5)  Analysis  of  the  data  Is  still  In  progress.  When  combined  with  the  extinction  data  also  reported 
In  this  volume,  it  nay  render  additional  crucial  information  concerning  the  scattering,  absorption 
and  radiation  pressure  efficiencies,  the  single-scattering  albedo  and  the  essymaetry  factor  for 
each  of  these  rough  particles. 
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FIGURES  6A-6D  ANGULAR  DISTRIBUTION  DATA  FOR  A  RANDOMLY  ORIENTED  ROUGH  PARTICLE  (*145001) 
Continuous  curves  are  the  Hie  theory  results  for  the  equal-volune  anooth  sphere. 
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FIGURES  9A-9D 


ANGULAR  DISTRIBUTION  DATA  FOR  A  RANDOMLY  ORIENTED  ROUGH  PARTICLE  (#020001) 
Continuous  curves  ax#  th#  Mi#  theory  results  for  th#  equal-volume  wicoth  #ph#ra. 


m  •  ISO 


**lwO'4**l*at  Mac  NmM  ^•It.OM 
Ca»l»  Manila  late  ml.SSS-40.MS 


#134001 


FIGURES  2LA&2IB  ANGULAR  DI9TRIBUTI01I  DATA  FOR  A  PREFERENTIALLY  ORtEHTED  HOOCH  PARTICLE  (O.S4001) 
3  orientation  symbols  respectively  denote  when  the  particle  axis  iat  parallal  to  tha  incident 
k  vo c tor  (3i)i  parallal  to  tha  E  vector  {  +)>  and  parallal  to  tha  H  vector  (x  ).  Continuous 
curve  a  are  tha  Hie  theory  re  stilts  for  the  smooth  sphere  of  tha  Mae  voluse  and  refractive  index. 
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FIGURES  22A&22B  ANGULAR  DISTRIBUTION  DATA  FOR  A  FREFPCTTIALLY  ORIEWTID  ROUGH  PARTICLE  t  ft 55 001)  . 
3  orientation  eyabola  reapeotlvely  denote  whan  the  .?artiole  axis  ia>  parallel  to  tha  incident 
k  vector  (  q)i  parallel  to  the  ■  vector  (  ♦)»  and  parallal  to  the  H  vector  (  »  ).  Continuous 
curves  ere  the  Hie  theory  reeults  for  the  wooth  sphere  of  the  awe  voluee  and  refractiva  index. 
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FIGURES  23AS23B  ANGULAR  DISTRIBUTION  DATA  FOR  A  PREFERENTIALLY  ORIENTED  ROUGH  PARTICLE  (*157001) 
3  orientation  synbola  respectively  denote  when  the  particle  axis  iai  parallel  to  the  incident 
k  vector  (0)1  parallel  to  the  E  vector  (  +)  1  and  parallel  to  the  H  vector  ( x  ) .  Continuoua 
curves  are  the  Nie  theory  results  for  the  snooth  sphere  of  the  sane  volume  and  refractive  index. 
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FIGURES  24AS24B  ANGULAR  DISTRIBUTION  DATA  FOR  A  PREFERENTIALLY  ORIENTED  ROUGH  r ARTICLE  (KI59001) 
3  orientation  syabols  respectively  denote  when  the  particle  axis  isi  parallel  to  the  incident 
k  vector  (dr  parallel  to  the  E  vector  (  +  );  and  parallel  to  the  H  vector  (a  ).  Continuous 
curves  are  the  Nie  theory  results  for  the  nooth  sphere  of  the  sane  volute  and  refractiva  index. 
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FIGURES  2  5X5  2  SB  ANGULAR  DISTRIBUTION  DATA  FOR  A  PREFERENTIALLY  OR  TOTTED  ROUGH  PARTICLE  (  *143001) 
3  orientation  symbols  rsspoctivsly  denote  whan  the  particle  axis  isi  parallel  to  the  incident 
k  vector  (Q)t  parallel  to  the  B  vector  (  +  )j  and  parallel  to  the  B  vector  (a  ).  Continuous 
curves  are  the  Nie  theory  results  for  the  smooth  sphere  of  the  same  volwe  and  refractive  index. 


osiams  Mm  itnioi 
#111001 


FIGURES  26A526B  ANGULAR  DISTRIBUTION  DATA  FOR  A  PREFERENTIALLY  ORIENTED  ROUGH  PARTICLE  (C  45001) 
3  orientation  symbols  respectively  denote  when  the  particle  axis  1st  parallel  to  the  incident 
k  vector  ( a ) j  parallel  to  the  E  vector  <  + ) >  and  parallel  to  the  H  vector  ( *  ) .  Continuous 
curves  are  the  Nie  theory  results  for  the  smooth  sphere  of  the  ease  volume  and  refractive  index. 


FIGURES  27AS27B 
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FIGURES  29JU29B  ANGULAR  DISTRIBUTION  DATA  POR  A  PREFERENTIALLY  ORIENTED  ROUGH  PARTICLE  (1020001) 
3  orientation  symbols  respectively  denote  when  the  particle  axis  isi  parallel  to  the  incident 
k  vector  ( ® ) j  parallel  to  the  E  vector  (  +)j  and  parallel  to  the  H  vector  (x  ).  Continuous 
curves  are  the  Mie  theory  results  for  the  smooth  sphere  of  the  same  volume  and  refractive  index. 


FIGURES  30A430B  ANGULAR  DISTRIBUTION  DATA  FOR  A  PREFERENTIALLY  ORIENTED  ROUGH  PARTICLE  ( 102 0000) 
3  orientation  symbols  respectively  denote  when  the  particle  axis  is>  parallel  to  the  incident 
k  vector  (CD  )i  parallel  to  the  2  vector  (  +■  )  i  and  parallel  to  the  H  vector  (  »  )  .  Continuous 
curves  are  the  Mie  theory  results  for  the  Booth  sphere  of  the  same  volvase  and  refractive  index. 
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ABSTRACT 

Like-  and  cross-polarized  scattering  cross  sections  are  determined  at  optical  frequencies  for 
conducting  cylinders  with  very  rough  surfaces.  Both  normal  and  oblique  Incidence  with  respect  to  the 
cylinder  axis  are  considered.  The  full-wave  approach  is  used  to  account  for  both  the  specular  point 
scattering  and  the  diffuse  scattering.  For  the  roughness  scales  considered,  the  scattering  cross 
sections  differ  significantly  from  those  derived  for  smooth  conducting  cylinders.  Several  illustrative 
examples  are  presented . 

1.  Introduction 

The  problem  of  electromagnet c  scattering  by  finitely  conducting  circular  cylinders  or  spheres 

has  been  dealt  with  extensively  in  the  technical  literature.  Perturbation  theory  haa  been  used  to 

extend  theae  results  to  scattering  by  slightly  rough  circular  cylinders  or  spheres  (Barrlck  1970). 

2  2 

However,  perturbation  theory  is  limited  to  surfaces  for  which  the  roughness  parameter  8  “  4k0<h>>  <0.1 

2 

(kQ  is  the  electromagnetic  wavenumber  and  <h#>  la  the  mean  square  height  of  the  rough  surface,  Brown 
1978).  For  6  <  0.1  the  scattering  cross  sections  are  not  significantly  different  from  those  for 
smooth  conducting  circular  cylinders. 

In  this  work  the  full-wave  approach  is  used  to  determine  the  like-  and  cross-polarized  scattering 
cross  sections  at  optical  frequency  for  finitely  conducting  cylinders  with  roughness  scales  that 
significantly  modify  the  scattering  cross  sections.  The  radii  of  curvature  of  the  unperturbed  cylinders 
considered  are  large  compared  to  wavelength  X.  (However,  the  cross  section  of  the  unperturbed 
cylinder  need  not  be  circular).  Both  specular  polr.t  scattering  and  diffuse  scattering  are  accounted 
for  in  the  analysis  in  a  self  consistent  manner  and  the  croaa  sections  are  expressed  as  a  weighted  sum 
of  two  cross  sections. 

In  Section  2  the  special  forma  of  full-wave  aolutiona  are  presented  for  long  cylinders  with 
mean  circular  croaa  sections  and  both  the  Bpecular  point  and  diffuse  contributions  are  identified. 

In  Section  3  several  Illustrative  examples  are  considered  for  cylinders  with  roughness  parameter 
8-1.  The  rough  surface  is  characterized  by  its  surface-helght  spectraL-density  function.  Tha 
results  are  compared  with  solutions  based  on  the  perturbation  approach. 
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2.  Formulation  of  CM  Problem 


The  scattered  radiation  fialda  for  two  dimensionally  rough  aurfacaa  can  ba  expressed  in  matrix 
fora  aa  follows  (Babar  1081) 
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(2.1) 
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in  which  G  and  G  ara  tha  vertically  and  horicontally  polarised  (electric  or  magnetic)  fialda 


_ f  y<  di 

acattarad  at  a  distance  r  in  tha  direction  of  tha  unit  vector  n  .  Similarly  G  and  G  ara  tha 


vertically  and  horizontally  polarised  fialda  incident  (at  tha  origin)  in  tha  direction  of  tha  unit 


-i 


vector  n  .  The  scattering  matrix  D  is  given  by 


D  ■  C^n  ?  T* 
o 


(2.2) 


in  which  the  transformation  matrices  Tf  and  T*  relate  the  scattered  and  incident  waves  in  the  local 


planes  of  scatter  and  incidence  to  reference  planes  of  scatter  and  incidence  while  ?  is  the  scattering 


matrix  defined  in  the  local  planes  of  Incidence  and  acattar.  The  coefficient  Gq  is 
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and 
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where  n  is  the  unit  vector  normal  to  the  rough  surface  S.  The  position  vector  to  a  point  on  the  rough 


surface  is  r#  and  for  a  reference  cross  sectional  area  in  the  x,z  plane 


dS  -  dx  dz  /(n*a^)  . 


(2.6) 


The  expreeelon  (2.1)  ie  invariant  to  coordinate  trenaformatlone.  For  vary  (infinitely)  long  cylinders 
the  surface  Integral  (2.1)  can  be  reduced  to  a  line  Integral  by  noting  that 


exp(lv  z)dz  -  2tt5(v  )  . 

X  z 


(2.7) 


On  evaluating  tha  expresalons  for  the  radiation  (far)  fields  from  tha  axpreaaiona  for  thair 
transforms  (using  the  steepest  descent  method,  Bahar  and  Rajan  (1979)  it  can  be  shown  that 


Gf  -  C*  I  DG*  *xp[l9‘(x  I  +  y  I  )]dx/(n*i  ) 
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in  which 
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sxp(ix/4)axp|j-iko(p  coe0*+z  sin0*)J 


(2.9) 


and  for  oblique  Incidence  (with  respect  to  the  z  axis)  tha  direction  of  the  incident  plane  wave  is 


-1  i  -  i  - 

n  «  -coa6  a  +  sin9  a 


(2.10) 


The  direction  of  the  acettered  wave  la  (Baber  1981) 


n*  ■  sln6*  co##4  a  +  coat-'  a  +  alnfl1  ein&*  a 
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(where  the  polar  eagle  la 
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i  cured  with  reap act  to  Che  y  axla,  aaa  Pigs.  1  and  2).  la  vlaw  of  (2.7) 

ein0*  slnd*  -  ain6*  .  (2.12) 

o  o 

Thu  a  (2.11)  can  alao  be  expressed  aa 

nf  -  coa6^(alad'a  +  coed's  )  +  slnO1  5.  (2.13) 

o  s  y  o  t 

where  rha  azimuth  angle  $  la  measured  la  the  ay  plana  with  p'  •  0  on  the  y  awl  a  (aaa  Pigs .  1  and  2). 

The  explicit  axpreealon  for  the  acatterlog  coefficieata  D  (2.2)  have  been  praaaatad  earlier  whan  the 

reference  incident  plana  la  nornal  to  n*x  a  and  the  reference  ecatter  plane  la  normal  to  n*x  a  . 

y  y 

However,  If  the  plane  of  incidence  (and  ac attar)  le  taken  to  be  the  plane  nornal  to  n*  and  ng  (the 
nornal  to  the  cylinder  at  the  epacular  point)  (Derrick  1970),  In  thaee  expreaalona  for  T*  and  T1  the 
unit  vector  must  be  replaced  by  the  unit  vector 

ng  -  v/v  -  ain(d'/2)ajt+  coa(d'/2)ay  -  af 

sin6P  coad^a  +  (coe6P  4-  coe9*)a 
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The  normalized  scattering  cross  sections  (or  scattering  width)  are  for  P,Q  -  V.H 


(2.14) 
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where  the  radius  vector  to  the  surface  of  the  cylinder  la 
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and  a  -  (x  +  y  )  la  the  radius  of  the  unperturbed  cylinder.  The  characteristic  function  x  end  the 


joint  characteristic  function  X2  for  the  random,  rough^eurf ace  height  bg  are 


where 


and 


For  Gaussian  distributions 
and 
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and  Che  surface-height  autocorrelation  function  <hh’>  la  the  Fourier  transform  of  the  surface  height 


spectral  density  function  W 


00 

TT-  (<h  h'> 
2ir  s  s 


exp(ikt)dT  . 


(2.23) 


In  (2.23)  <h  h’>  Is  assumed  to  be  a  function  of  the  distance  measured  along  the  cylinder's  circumference. 

B  0 

The  normalised  scattering  cross  section  (2.15)  is  expressed  as  a  weighted  sum  of  two  cross  sections 
(Bahar  1981,  Bahar  and  Barrick  1962) 

<  o*Q  >-|x|2<  a*1  >  +  <  >R  .  (2.24) 

The  first  term  in  (2.24)  is  the  physical  optics  contribution  <  >  modified  by  the  coefficient  |x|2. 


It  can  be  shown  (using  the  steepest  descent  method)  that  for  a  conducting  clrtular  cylinder 
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When  the  plane  of  Incidence  Is  taken  to  the  normal  to  ii*  x  n 

s  • 

<oJQ  >  -  co8(^'/2)|Rpl’26pQ  (2.26) 

In  which  Rp  is  the  Fresnel  reflection  coefficient  and  5pQ  is  the  Kronicker  delta. 

Due  to  the  surface  roughness  the  contribution  due  to  specular  scattering  is  decreased  by  the 
2 

factor  |x|  (2.20).  The  surface  roughness  also  gives  rise  to  the  diffuse  scattering  term 
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in  which  and  are  the  components  of  v  (2.7)  normal  and  tangential  to  the  surface  of  the  unperturbed 
circular  cylinder  and  P2(nf,  n*|n)  is  the  shadow  function  (Bahar  and  Barrick  1982). 

3.  Illustrative  Examples 

Assuming  that  the  random  rough  (homogeneous  and  isotropic)  surface  height  autocorrelation  function 
<hh’>  is  a  function  of  distance  measured  around  the  circumference  of  the  unperturbed  cylinder,  we 
consider  In  the  following  examples  the  surface-height  spectral  density  function  W(k)  (2.23)  given  by 
(Rice  1951) 
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and  W(k)  peaks  for  k-*d  »  «  -  0.3kj.  The  electromagnetic  wavelength  is 


XQ  -  10  ym  (3.3) 

and  the  corresponding  relative  (complex)  dielectric  coefficient  for  aluminum  is 

Cr  -  -6000(1  +  1)  (3.4) 

(where  an  exp(iufc)  time  dependence  for  the  fields  is  assumed) .  The  radius  of  the  unperturbed  cylinder  is 

a  -  2.5  .  (3.5) 

The  shadow  function  is  a  product  of  the  unit  step  functions  u 

Pjto^.n^Jn)  -  u(n^.n)  u(-n^.n)  .  (3.6) 

The  constant  B  in  (3.1)  is  determined  by  the  surface  roughness  parameter 

6  -  4k2<  h2  >  -  1  . 

O  8 

In  .  ■•'s  3,  4  and  5  <o'rV>  <a*®>  and  <ol^V>  -  <a^>  are  plotted  for  0*  -  30°  as  functions  of  4>' 
for  cylinders  with  smooth  (unperturbed)  surfaces,  (+)  and  random  rough  surfaces, ( CJ) .  The  incident  and 
scatter  planes  are  normal  to  -n^.a^  and  nf.ay  respectively.  Note  that  for  finitely  conducting  smooth 
cylinders  <ovv>  and  cc®1)  ore  very  small  for  6*  »  n/ 2,  and  for  <>'  »  0  these  normalised  cross  sections  are 
near  unity.  For  the  corresponding  rough  cylinder,  the  cross  sections  do  not  display  the  sharp  minima  and 

near  normal  incidence  they  are  significantly  leas  than  unity.  The  crose-polarlzed  cross  sections 

VH  HV  VH 

<o  >  -  <0  >  are  significantly  different  near  uormal  incidence.  For  the  smooth  cylinder  <o  >  vsnlshes 

for  -  0,  while  it  is  about  -5db  for  the  rough  cylinder.  Thus  as  the  surface  roughness  increases  all 

three  plots  of  the  cross  sections  tend  to  flatten  out  (as  functions  of  $')  except  near  grazing 

angles  <J>'  -*■  it  where  the  cross  sections  for  the  smooth  and  rough  surfaces  merge. 

2  2 

In  conclusion,  therefore,  even  a  surface  roughness  corresponding  to  6-  4kQ  <h#>  -  i  cannot  be 

ignored  since  it  has  the  effect  of  making  the  scattered  fields  more  isotropic  and  unpolar.red.  Using  a 

perturbation  approach  to  solve  the  problem  one  is  restricted  to  values  of  B <  0.1  (Brown  1978).  In  this 

PQ 

case  the  perturbation  diffuse  scattering  term  can  be  shown  to  correspond  to  the  first  term  <o  >^n  the 
PQ 

expression  for  <0  ^In  this  case,  however,  the  effects  of  surface  roughness  srmpractlcslly  insignificant. 
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ABSTRACT 

Experimental  measurements  of  electromagnetic  radiation  scattered  by  long  copper  and  brass  cylinders 
wets  performed  in  the  IR  spectral  range  (X  ■  10.6  pm).  The  cylinders  were  oriented  essentially  normal 
i  ,  4ttering  plane.  The  results  of  the  measurements  were  compared  with  the  theory  for  infinite 

-  *  llnders  modified  for  relatively  large  refractive  indices.  The  good  agreement  is  presented  and 
,ed. 

INTRODUCTION 

The  scattering  by  infinitely  long  cylinders  la  characterized  by  its  two  dimensional  angular  scatter¬ 
ing  surface  forming  an  envelope  of  a  cone.  The  opening  angle  of  the  cone  is  related  to  the  tilting 

f  IT  * 

$  “  j  ~  ♦  i  and  the  scattering  surface  reduces  to  a  plane  when  the  incident  light  la  perpendicular  to 
tne  cylinder  axis.  Experimental  scattering  measurements  involving  long  cyllndets  thus  become  very 
sensitive  to  the  orientation  angle  of  the  cylinder  axis  relative  to  a  measuring  plane,  the  last  being 
determined  oy  tne  rotation  axis  the  detector. 

2  3 

In  the  visible  range  angular  scattering  measurements  for  long  dielectric  fibers  have  been  reported  * 
which  show  good  agreement  between  the  polarization  ratio  and  the  theory.  The  polarization  ratio  measure¬ 
ments  permit  inaccuracies  in  the  alignment  of  the  fibers  since  the  same  reduction  in  the  light  intensity 
is  expected  in  both  polarizations  ( I ^  and  I^)  . 

On  the  other  hand  long  tilted  cylinders  have  different  scattering  patterns  for  each  tilting  angle 
and,  therefore,  comparisons  between  experiments  and  theoretical  predictions  should  take  the  tilting  angle 
into  account.  For  such  measurements,  an  accurate  experimental  setup  is  required  to  allow  the  comparison 
between  relative  scattering  intensities  and  the  theory. 

*  *0n  leave  from  the  Hebrew  University,  Department  of  Atmospheric  Sciences,  Jerusalem,  Israel 
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••low  w  preaent  Che  experimental  curve*  of  COj  leeer  radiation  scattered  bp  *  carefully  oriented 
copper  cylinder,  and  a  bra**  cylinder  tha  orientation  of  which  wa*  alightly  different. 

Since  Che  materials  diacuaaed  have  very  large  real  and  laaginary  parte  of  refractive  indlcea,  the 
acatcering  theory  haa  been  aodlfled  Co  include  large  refrective  indlcea. 

The  agreement  between  tha  ehaory  for  Infinite  cyllndera  end  real  setelllc  particle*  auggeet  that 
in  the  IE  the  theory  can  eerve  aa  an  accurate  predictor  to  the  ecetterlng  propertlea  of  neterlal*  with 
long  cylindrical  ahapa.  In  particular,  thia  reault  ia  ahovn  to  be  applicable  for  material*  of  large 
refractive  indlcea  for  which  tha  bealc  aaauaptlona  of  Che  approximated  th»  -<ea^,S  for  finite  cyllndera 
ere  not  eatiafled. 


THEORETICAL  CALCULATIONS  OP  EM  SCATTERING  BY  LONG 
CYLINDERS  OF  LARGE  INDICES  OP  REFRACTION 


The  fer-fiald  acatterlng  of  Infinite 

tilted  cyllndera  is  given  by^’1,6 

lu  * 

(2/(koirr)]  |b  +  2  £  coe(n0)  |2 

n-3 

(i) 

*12  ' 

«nd 

I21  -  [2/<k  irr>]|2  J  a  ain(n0>  |2 

n-1 

(2) 

*22  * 

[2/(ko1rr)l|.on  +  2  [  co.(ne)|2 

D“1 

(3) 

Tha  flrat  index  in  1^  refer*  to  tha  polarlaatlon  of  the  incidence  light  relative  to  tha  incident  plane, 
and  the  second  -  the  polarisation  of  the  scattered  light  relative  to  the  scattering  plane.  For  detailed 
definition*  of  the  incident  and  the  scattering  planes,  and  the  expressions  for  an  arbitrary  incident 
polarisation, see  ref  .6.  The  angle  6  le  the  scattering  angle,  and  b  „  can  be  reduced  to: 


-f. 
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AJ  (a)  +  (BJ'(a)  -  n2CJ  (a)][-  BH’(a)  -  CH  (a)l 
b  .  — S - 2 - - 2 - S -  (4) 

AH  (a)  +  l 8H ' (a)  -  m*CH  (a)][-  BH'(a)  -  CH  (a)] 
n  n  n  n  n 

vhtre 

A  -  (nt/a)2h2<m2-l)2H  (a)J2(8)  ;  B  -  Ij2J  (8)  ;  C  -  I2JJ'(8). 

n  n  n  n 

J  (a)  and  H  (a)  are  the  Beasel  and  Hankal  functions  of  order  n;  o  ■  is  the  "tilted"  sire 

n  n  A 

parameter  (a  la  tha  cyllndar  radlua,  X  the  incident  wavelength  and  $  is  the  tilting  angle);  m  Is  the 

2  2  l/n  1 

complex  refractive  Index;  h  -  aln$  ;  l  -  coa<p  ;  j  •  (m  -  aln  $)  “  ,  end  •  8  “  . 
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Th«  Infinite  sun*  In  eqs.(l)  -  (3)  can  be  truncated  a  few  terns  after  the  order  exceeds  the  "tilted" 
alee  parameter,  since  JQ(a)  ■*  0  for  n  >  a  (n,  a  large).  For  example,  It  Is  generally  agreed  that  for 
a  >  1  the  number  of  terms  In  (1)  -  (3)  Is  of  the  order  of  N  »  1.2a  +  S.  Therefore,  when  a  Is  large 

7 

(l.e.f  m  >  10),  the  argument  In  Jq(6)  satisfies  B  >>  n  for  all  bnl  In  (1),  or 


Jn(6)  n,  <2/ire)1/2  [cos(B  -  inn  -  Jit))  +  <  |6 1-1) 


For  copper  and  brass  cylinders  m  »  12-601  and  5. 8-291  respectively  (see  below).  It  follows  that  for 

any  site  parameter  ®  iarger  than  1,  lm(B)  becomes  so  large  that  J^fB)  cannot  be  calculated 

since  It  contains  the  term  exp{+  Im(B) ) .  Uence,  in  order  to  calculate  the  scattering  function  for  tboae 

materials,  the  expression  for  has  to  be  modified: 

2  2 

Dividing  equation  (4)  by  B  /B  we  get 


±r  J  (a)  +  [J* (a)  -  m2  |  J  (a))|-  H'(a)  -  £  H  (a)) 
i  n  a  on  non 

B _  _ _ _ 

K  H  (a)  +  (H*(a)  -  m2  £  H  (a)])-  H*(a)  -  £  H  (a)  ] 
„2n  n  Bn  n  Bn 

D 


The  ratio  r-  is  the  only  term  containing  J  (S)  and  J'(B) 
fi  n  n 


c  1  J„<e> 

»  "  ]  Jn(6) 


For  the  large  values  of  B,  J^(B)  can  be  approximated  to 


J'n(B)  t  -  (2 /-itB ) sin(B  -  Jnn  -  J-rr) 


C  i 

i  'v  1  1 

B  J 


(1(B)  <  0)  . 

u* 


We  note  thst  for  m  -*■  a,  b  .  reduces  to  the  known  ratio  b  ,  ♦  J  (c«)/H  (a).  Similar  expressions  can  be 

nl  nl  n  n 

derived  for  a  ... 

nil 

When  the  cylinder  axis  is  not  perpendicular  to  the  measurement  plane  (see  Discussion),  the  scatter* 
Ing  intensities  calculated  by  eqs.(l)  -  (3)  will  have  their  maximal  Intensities  within  the  envelope  of 
a  cone  formed  around  the  cylinder  axis.  In  the  event  that  the  tilt  angle  between  such  a  cylinder  and 


the  normal  plana  to  tha  incident  direction  is  »  0,  the  scattering  plane  will  form  an  angle  ♦  relative 
to  the  measurement  plane. 

The  comparison  between  theory  and  experiment  for  <J>  4  0  becomes  then  dependent  on  the  opening  angle 
of  the  light  source  and  its  cross  sectional  variation  of  intensity  (usually  Gaussian) .  Here,  we  discuss 
quantitatively  the  esse  of  -  0  (copper),  and  qualitatively  the  acattering  from  the  braas  cylinder 
for  which  $  4  0  but  ^  3®. 

EXPERIMENTAL  DETAILS 

Figure  1  is  a  schematic  diagram  of  the  apparatus  used  to  obtain  the  scattering  data.  The  source  of 
radiation  is  a  Spectra  Physics  Model  950  CO^  laser  (10.6  Mm  output)  operated  with  temperature  controlled 
cooling  water.  The  incident  beam  is  chopped  (220  Hz)  for  phase  sensitive  detection.  Scattered  radia¬ 
tion  is  detected  by  a  liquid  nitrogen  cooled  PbSnTe  (Barnes  Engineering  Co.,  Model  503)  photovoltaic 
detector.  The  detector  chamber  la  mounted  on  a  rotating  support  platform  having  an  arm  radius  a  9  48  cm. 
Because  of  structural  limitations  of  the  platform  frame,  the  range  of  scattering  angle  values  is  M.5® 
to  50s.  A.  synchronous  motor  drives  the  detector  arm  of  the  apparatus  at  a  scan  rate  of  2°/min.  The 
detector  signal  is  amplified  using  a  Princeton  Applied  Research  Model  128  amplifier  and  displayed  on  a 
Leeds  &  Northrup  strip  chart  recorder. 

The  targets  used  in  this  experiment  were  a  copper  wire  (242  um)  and  a  brass  wire  (150  urn) ,  whose 
composition  was  701  copper,  30X  zinc.  The  corresponding  size  parameters  (a  -  ird/X)  were  71.7  and  44.5 
respectively.  Wire  targets  were  cemented  In  angular  rings  which  were  compressed  slightly  during  the 
drying  of  the  cement.  Upon  relaxation  of  the  compressed  ring,  the  wire  is  subject  to  a  slight  tsnsion 
SO  that  Its  cylindrical  shape  la  Insured.  The  mounted  wire  target  is  then  clamped  in  a  holder  so  that 

its  axis  la  collnear  with  that  of  the  rotation  axis  of  the  detector  chamber.  The  laser  beam  diameter 
_2 

Is  4.5  mn  at  the  e  field  points  and  the  beam  divergence  is  less  than  3.5  m  rad. 

All  measurements  were  made  with  the  laser  beam  incident  perpendicular  to  the  axis  of  the  target 
cylinder.  Since  the  laser  le  vertically  polarized,  the  electric  field  of  the  incident  radiation  is 
parallel  to  the  cylinder  axis.  Scattered  radiation  was  also  detected  in  s  plane  perpendicular  to  the 
target  axis. 

There  are  several  sources  of  experimental  error  inherent  in  this  apparatus  and  type  of  measurement. 
The  diameters  of  the  wires  were  measured  using  a  traveling  microscope  to  ±1%.  Uncertsinty  in  measuring 
the  scattering  angle  la  estimated  to  be  2®  -  3®.  A  collimator  with  variable  aperture  iris  le  mounted 
at  the  entrance  to  the  detector  chamber  and  serves  to  limit  the  spread  in  ingles,  A0,  that  the  detector 
can  receive.  With  the  iris  at  maximum  aperture,  A6  ”  4.8®.  Measurement#  were  usually  made  with  the 
aperture  closed  down  from  its  maximum  diameter  although  no  significant  differences  were  observed  in 


doing  so. 


Alignment  of  the  wire  axis  relative  to  the  polarization  direction  of  the  electric  field  Is  estimated 
to  be  within  ''■3°.-  This  assumes  that  the  laser  output  is  vertically  polarized.  Because  of  the  type  of 
wire  isounts  used,  deviation  from  the  zero  tilt  angle  la  probably  2*. 

Other  rources  of  error  which  affect  the  level  of  the  output  signal  are  of  somewhat  less  significance 
for  this  experiment.  Figures  2a  and  3a  show  that  the  noise  level  Is  quite  low.  This  was  accomplished 
by  using  a  low-noise  transformer  Inserted  between  the  detector  output  and  the  amplifier.  The  traces 
shown  represent  data  recorded  with  the  Instrument  settings  chosen  to  optimise  the  slgnal-co-nolse  level. 
Repeated  tracings  were  reproducible  with  respect  to  curve  contour  end  maxima /minima  points.  However, the 
relative  intensity  of  the  overall  trar-e  v*.s  subject  to  vertical  drifting  on  the  chart.  Part  of  this 
uncertainty  was  attributed  to  drift  of  the  laser  output.  Even  with  the  temperature  controlled  coolant 
(18.0  +1°C)  circulating  around  the  laser  tube  at  the  recommended  flow  rete,  some  output  signal  drift 
was  observed  afl-r  a  one  hour  warm-up  period.  Consequently,  the  procedure  adopted  was  to  allow  all 
componenta  to  warm  up  for  two  hours  bufore  data  were  recorded. 

OPTICAL  CONSTANTS  OF  TARGET  MATERIALS 

The  optical  constants  of  several  metric  from  Infrared  to  far-infrared  wavelengths  have  recently  been 

g 

tabulated  by  M.A.  Ordal,  et  al.  Both  n  and  k  are  rapidly  Increasing  functions  of  wavelength  in  the 
Infrared  region.  For  pure  copper  at  10.6  pm.  representative  values  are  n  -  12  and  It  •  60.  The  brass 
target  wire  used  has  a  Cu/Zn  ratio  of  70/30.  For  metals  at  low  frequencies,  the  optical  constants  can 

9 

be  approximated  by 

n  -  It  -  /l/2o>e  p  ( 9) 

o 

where  p  Is  the  static  resistivity,  w  la  the  angular  frequency,  and  P  Is  the  permittivity  of  free  space. 
Since  the  resistivities  of  metals  and  alloys  are  easily  found,  we  used  the  above  approximation  together 
with  the  tabulated  data^  for  P  to  obtain  the  optical  constants.  The  results  for  brass  at  10.6  pm  are 
n  “  5 .8  and  k  «  29 . 

The  experimental  data  were  taken  for  wires  of  various  sizes.  Figures  2a  and  3a  represent  the  angular 
scattering  results  from  copper  of  diameter  242  Urn  and  brass  of  diameter  150  Pm,  respectively. 

RESULTS  AND  DISCUSSION 

N 

The  theoretical  calculations  for  the  copper  wire  (a  ■  121  pm)  show  that  the  general  angular  scatter- 
ln3  as  well  as  the  accurate  angular  values  of  the  maxima  and  minima  are  predictable  by  means  of  the 


infinite  theory.  This  is  clearly  shown  in  comparing  the  experimental  with  the  theoretical  results  in 
Fig. 2.  The  accurate  match  shows  that  the  experiment  was  performed  in  such  a  way  that  the  scattering 
plane  and  the  measurement  plane  coincided  to  permit  the  angular  measurements  in  the  same  relative  units. 
It  is  important  to  note  that  the  general  behavior  is  very  sensitive  to  the  size  parameter  and,  therefore, 
provides  an  accurate  method  for  the  determination  of  the  size  of  the  scatterer.  However,  tne  scatter¬ 
ing  intensities  of  the  different  metallic  cylinders  are  relatively  lnaensitive  to  changes  in  the 
refractive  index.  This  suggests  that  many  properties  can  be  approximately  derived  by  inserting  m  >>  1 
in  the  scattering  equations. 

In  the  cese  of  the  brass  cylinder  (the  experimental  results  are  given  in  Fig.  3a  and  the  theoretical 
in  Fig. 3b)  the  scattering  angles  for  which  maxima  and  minima  occur  can  be  predicted,  but  the  general 
behavior  of  the  experiment  (a  decreasing  envelope)  is  different  than  the  theoretically  predicted  in¬ 
creasing  envelope.  However,  the  theoretical  prediction  was  calculated  for  a  scattering  plane  that  is 
perpendicular  to  the  c/linder  axis.  In  the  event  that  the  wire  is  not  perpendicular  to  the  measurement 
plane,  having  an  orientation  angle  of  (—  -  41) ,  the  scattering  directions  will  be  tilted  relative  to  the 
measurement  plane  with  a  varying  tilt  angle  against  the  scattering  angle. 

As  can  be  seen  in  Fig. 4,  this  varying  angle  reaches  its  maximum  at  0  »  j  where  it  equals  $.  More 
specifically,  denoting  the  measured  scattering  angle  by  0  and  the  varying  tilt  angle  by  we  get 

tartfr'  «  sinQ  tsn<J>  (10) 

The  larger  the  angle  is,  the  less  is  the  overlap  between  the  scattering  plane  F.O.V.  and  the  measure 

plane  F.C.V.  resulting  qualitatively  in  a  general  decrease  uf  the  scattering  intensity  with  increas¬ 
ing  0  in  the  interval  0  <_  6  <_  j  . 

When  4>  f  0,  the  scattering  angle  must  also  be  modified.  Denoting  the  scattering  angle  in  a  plane 
perpendicular  to  the  cylinder  by  S',  the  following  relations  hold  (see  Fig. 4): 

sin4>'  “  sinS  '  sin<J>,  sin9 '  -  -  8in0  (11) 

COSlf) 

As  stated  in  the  section  describing  the  experiment,  the  orientation  of  the  wire  is  uncertain  to 
within  3”.  Thus,  <J>  3°,  and  as  <1'  the  deviation  between  9'  and  0  is  less  than  the  accuracy  in 

the  measurement  of  the  scattering  angle  (A9  -  4.8°).  Therefore,  tb  s  effect  was  not  included  in  the 
calculation. 

As  slready  mentioned,  the  theoretical  intensity  pattern  for  scattering  from  an  infinite  cylinder  is 
mainly  restricted  to  the  pl.ne  perpendicular  to  the  cylinder  axis,  and  the  intensity  falls  off  sharply 


at  even  email  angular  deviation*  fro a  thl*  plane.  Thla  la  tru*  even  for  finite  cylinder*  of  aspect 
ratio*  larger  than  20  a*  shown  In  Ref .4.  Thu*,  the  varying  value*  of  allowed  by  thla  experiment 
are  sufficient  to  gradually  lower  the  theoretical  Intensity  pattern  a*  a  function  of  the  scattering 
angle*.  This  explain*  the  apparent  discrepancy  between  the  result*  given  in  Figure*  3a  and  3b. 
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Fig.l.  Schematic  diagram  of  the  apparatus;  top  view:  L  -  laser,  C  -  chopper,  T  -  target,  a(“  48  cm)  - 
radius  of  path  (P) ,  of  detector  (D) ,  0  -  scattering  angle  In  the  measurement  plane,  A0  -  range 
of  '.cacr.erlng  angles  accepted  by  the  detector  chamber.  The  electric  field  of  the  Incident 
bean,  ?,  la  shown  perpendicular  to  the  plane  of  the  diagram  and  parallel  to  the  axis  of  the 
target.  The  angles  6.  and  02  Indicate  minimum  and  maximum  angles  of  the  scan  of  the  detector. 


Distribution  of  the  aottcrad  laaar  radiation  as  a  function  of  the  acattering  angle  for  the 
copper  wire  target.  The  alee  parameter  la  a  -  71.7,  ■  -  (12,  -bOi),  and  $  -  0* .  The  incident 
light  la  polarised  with  E  parallel  to  the  cylinder  axle,  a)  experiment;  b)  thaory. 


Dlitrlbutlon  of  t  cattarad  laaar  radiation  aa  a  function  of  tha  acattarlag  angla  for  tha 
braaa  vira  targat.  Tha  aica  paraaatar  i»  a  -  44.5,  b  -  (5.8,  -29i),  and  tha  oriantation  angla 
♦  ^  3*  taxt)  .  a)  axparlaant;  b)  thaory. 


Recent  Results  in  the  Scattering  and  Absorption 
by  Elongated  Conductive  Fiber* 


I.  E.  Federaen 

J.  C.  Federaen 
F.  C.  Waterman 


Fanaaetrice.  Inc. 
221  Craacant  Street 
Waltham,  HA  02254 


Abatract 

Thia  paper  deal*  with  electroaagnetic  scattering  and  absorption  by  thin  fibera 
having  arbitrary  length,  orientation,  and  electrical  conductivity,  Thia  and  related 
work  have  been  published  and  prasentad  aa  follows: 

M ,  E.  Federaen,  J.  C.  Federaen  and  F.  C.  Vataraan,  Final  Report  on  Theoretical 

Investigation  of  Absorptive  Frocesaea,  Freparad  by  Fanaaetrlca,  Inc,  for  D.S.  Army 
Chemical  System*  Laboratory  (Dec.  21,  19&2). 

J.  C,  Pedersen,  R.  I.  Pedersen  and  F.  C.  Waterman,  "Electromagnetic  Theory  of 
Scattering  and  Absorption  from  Finite  Elongated  Objects,"  Proceedings  of  the  1983  C8L 
Conference  on  Obscuration  and  Aerosol  Research  (subaittsd  Sept.  1983). 

H.  E.  Pedersen,  J.  C.  Federaen  and  F.  C.  Waterman,  "Recent  Result*  in  the  Scattering 
and  Absorption  by  Elongated  Conductive  Fibers,"  presented  at  the  1984  CROC  Conference 
on  Obscuration  and  Aerosol  Research  (June  1984). 

W.  E.  Fedarsen,  J.  C.  Pedersen  and  F.  C.  Waterman,  Final  Report  on  Theoretical 

Study  of  8ingl*  and  Multiple  Scattering  by  Cylinders,  prepared  by  Fanametrics,  Inc.  for 
;  0.8.  Army  Chemical  Systems  Laboratory  (Sept.  27,  1984). 

*  Although  further  development  is  planned,  the  associated  computer  programs  era  now 
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1.0  iNTftODOCTION  AND  SUlWAbT 


la  tbi  •  pipti  «•  priMBt  tk««MtU(l  «btilt*4  la  tba  itui  of  aiagia 
■«itt«ili|  ml  tbiotptlot  of  radiation  bj  arbitrarily  oriaatad  aoadaatioa 
flbora,  and  la  radiation  traaafor  by  larga  aggragataa  of  aacb  flbora. 

It  baa  boon  dataralaod  that.  In  tba  eata  of  alagla  aoattarlng  and  abaorptioa.  tba 
tbaory  la  ita  praaant  fora  la  capabla  of  prodaeiag  rallable  raaalta  ©oar  a  vary  vlda 
rang#  of  length-to-aaToloagtk  ratio.  Aa  aayaptotle  axpraaaion  la  gioaa  tor  tba 
backaoattar  oroia  aaotlon  la  tba  larga  laagtb-to-*aoolaagth  ratio  Halt.  In  tba  aaall 
(tayaigh)  llait.  It  la  abotu  that  a  prooioaa  tbaory  by  t*o  of  tba  aatbora  la  in 
agroaaont  with  tho  aoro  aoaploa  praaant  tbaory.  Too  alaaaat  of  oaaaa  hawo  boon  Idaatl- 
flod  In  «bicb  tba  proaoat  tbaory  la  in  arror.  In  praotioal  aoapnta tioaa,  tbaaa  eaaaa 
oaa  ba  aaaily  avoidad  vlthoat  anbatantial  loaa  of  inforaation. 

Tba  datailad  diffarontial  aoattarlng  eroaa  aaatioaa  bava  boon  apprapriataly 
aoaragad  for  iapmt  to  a  Kadiativa  Tranafar  eoapatar  pragraa.  vbieb  wn  bava  davalopad 
onanrrontly  and  which  la  praaontad  olaavbara  in  tbaaa  Froaaodinga. 


3.0  ILtCTtOHASNKTIC  PBOPBBTIBI  OP  CONDOCTITI  FXBBBS 
3.1  Baeia  Theory 

Ikii  tkaory  Is  bm<  apoa  a  variational  prooednra  flrit  set  forth  by  III  (it 
perfectly  ooadnetiag  vital. 1  nl  latat  extended  to  tba  mi  of  fiaita  ooadaotivity  bp 
Cateedy  nd  Falaberg,  vbo.  bovevar,  ooaillitii  only  btoadilda  iaoidenoe.®  In  tba 
praaant  tkaory,  scattering,  ibiotptloi,  extinction,  and  radar  oroaa  aaotloit  ara 
aalcnlatad  for  arbitrary  aaglaa  of  laoidaaaa.  Tka  raaalta  eaa  tkan  ba  araragad  ovar 
all  aaglea  of  laoidaaaa  to  obtala  remits  for  a  oload  of  randomly  oriaatad  partialaa. 


Coaaidar  a  plana  alaotroaagaatla  vave  imcldaat  apoa  a  cylindrical  vlra  of  flalta 
ooadaa tiv ity  at  arbitrary  aagla  of  incidence. S^.  and  arbitrary  polariaatioa  aagla.  41  , 
aa  akova  la  Pig.  1.  Assaalag  tba  vira  la  aaffioiaatly  thin  for  tka  oarramt  to  ba 
radialiy  ayamatrio.  oaa  aay  coaaidar  tka  carraat  ea  a  oarraat  filaaaat  1(a)  aloag  tka 
azla.  Since  tkc  vlra  ia  aiimaad  to  ba  tkia.  only  tka  aoapoaaat  of  tka  alaotrio  fiald 
parallal  to  tka  axis  vill  atiaalata  a  raapcaia.  and  tka  iatagral  agnation  tor  tka 
boaadary  oondltloa  at  tka  oyliadar  anrtaea  aay  ba  vrittaa 

Eq  sin  coatp  e  -  *(z)Z 


t'C 


da' d$  1 


Bara,  Z  li  tka  akin  iapadaaaa  par  aalt  laagtk  of  tka  oyliadar,  relating  Bp  to  Et,  and 
is  given  by® 


where 


2na(o  +  Jwl) 


2  2  2 
g  •  u»  [  (U0CQ  COS  -  lit  )  + 


1 0  ( g  •  >  aad  Ij(ga)  ara  aodiflad  Bassal  faaatioaa.  It  aay  ba  noted  tkat  tka  teal  part 
of  g®  aay  baaoaa  iaportaat  ia  tka  visible  region.  Xa  Bg.  (1) 

n  •  11  /cQ  Ik  che  clumiclcrlat  ic  impi-Uantt;  of  free  space-,  and 


**  ^(z-z  )2  +  sin^  (---*—■) 


anrraat  ia  tarns  of  tka  baakaaattarad  aaplltnde  B,  giving 

.  /.2w  /•*'  /  .1  \  *jkl 


Jk  dtj  2 


dr'  (I a  • 


-I  n 

J  -  h 
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Vox  U*  amxxa mt  (uititti  wa  tk»t  |1»*»  ky  Tti 


I  -  I«  U,(a)  ♦  A  «,(«)! 


«k»<« 


*«(»>  • 


f,(a)  -  aim  ki  aim  «s  -  aim  a  aim  |ki.  (1 

where  q  “  coe  6  and  x  *  kh.  Note  tkat  ketk  fa(a)  ami  i#(»)  vamiak  at  I  •  i  k,  akiak 
la  appropriate  if  the  currant  la  ta  ka  aaxa  at  tka  ami  »f  tka  tikax. 

Qa lag  tka  vaxlatiamal  taakml«ma.  «a  aat 


mi  obtain  fas  A 
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( sin  x  cospx-p  cos  x  stnpx) 


S  (6,0.)  -  2/fqj2  — -  [- 

1  l<vV  t 


cos  q  x 
(1  *  p2) 


— Sng  \r-  (q  sin  q  x  cos  px  -  p  cos  x  sin  px) 

<qz  -  pz) 


I 


x  cos  px  -  cos  x  sin  px) 


+J  jsinjix  (p  . ln 

VV  \(1  -  p2) 

*2-5-  (p  sin  qx  cos  px  -  q  cos  qx  sin  px)  | 
-P  >  ) 


-  sin  x 

<q 


«ktr«  p  •  soi  0.  9  being  tbs  angle. 

By  definition,  the  differential  scatter!**  crocs  sootios  is  then  gives  by 


o(0, ei)  -  rq2  Rse 
‘‘o 


Sifi,  et) 


Tbe  total  scattering  cross  sectloa  Is 


'•  •  ~7~I  |S,M'’ 


sin0d0  . 


itl-1 


t  in 


,  et)l 


the  absorption  eroas  section  is  Jnat  tbe  rat  power  absorbed  ln  the  acetterer 
by  tbe  me  Intensity  of  tbe  incident  bean.  Tbe  rns  power  absorbed  in  tbe 
•Ivon  by 
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P*»Z)j f  |l(st 
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(15) 

(16) 

(17) 


(18) 

divided 
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ltd  tka  r«i  {"taatity  of  tki  0  coapooant  of  tka  itoidut  ktia  le 


2n 


•  o  tkit  t k*  aktocptioa  cron  aootioa  1*  |i»»»  ky 


2nRe(Z) 
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(19) 


Pltally,  tka  radar  oroaa  taction  la  diflatd  to  bt 


ctrcs  =  4W  a(6i'Qi) 


Att 


S(ei(et) 


(20) 


Equations  (16-20)  ara  for  polarisation  In  the  k-e  plane,  l.e.,  4  ■  0°. 

Tk»  raaalta  aokiavad  by  aaiag  the  above  aqaatioaa  vlll  ba  dlaoaaaad  la  tka  following 
aaotloa.  It  appear*  at  tkia  tlaa  tbat  tkl*  tkaory  aay  ba  valid  for  kk  valaa*  aaok 
larger  tkta  90. 


3 . 0  KB8ULTS 


It  the  following  pages,  wo  present  tha  results  of  a  detailed  investigation  to 
determine  tka  valldltp  of  tha  praaant  tkaoty  la  var lota  paraaatiio  reglaes.  Although 
thia  laveatigation  la  atill  in  prograas,  wa  balieve  that  tha  raanlta  praaantad  balow 
danonatrata  that,  with  eartain  tpooifiad  restr ie t Iona ,  tha  praaant  thaorp  la  oapabla  of 
providing  good  raanlta  over  warp  wida  rangaa  of  paranatara.  8paaifio  queatloaa  to  ba 
addraaaad  in  tha  foragoing  pagaa  ara: 

(a)  Over  what  ranga  of  hh  la  tha  thaorp  useful? 

(b)  In  tha  Halt  of  warp  larga  kh,  do  tha  diffaraatial 
aoattaring  pattarna  glwa  raaaonabla  raanlta? 

(ok  Aaanaing  that  tha  thaorp  la  wall  bahawad  in  tha 

kh  >>  1  Halt,  oan  oaa  obtain  alaplifiad  aepaptotla 
axpraaaiona  for  tha  warlona  oroaa  sections? 


(d>  Bow  do  thaaa  aapaptotio  axpraaaiona  ooapara  with 
thoaa  which  can  ba  obtalnad  froa  infinite  length 
oplindar  calculations? 

(a)  Do  tha  roaulta  agraa  with  Kaplaigh  thaorp  in  tha 
appropriate  Halt? 

In  tha  it'eaaladar  of  thia  Section,  wa  praaant  raanlta  which  danonatrata  good 
aapaptotio  bahawlor  in  tha  larga  kh  Halt,  aa  wall  aa  good  qsantitatlva  agraaaant  with 
published  experinental  data  and  with  Kaplaigh  thaorp. 

3.1  Diffaraatial  Scattering  Croas  Seotioa 

In  this  sub-aaotion  wa  praaant  coaputad  our*ea  of  differential  aoattaring  oroaa 
aaotioa  par  square  wavelength  (odiff/X.*)  as  a  function  of  aoattaring  angle  #.  It  la 
iaportant  to  note  (sea  Fig.  1)  that  tha  aoattaring  angle  ia  aeesmred  with  respect  to 
the  oplindar  axis,  aa  is  tha  angle  of  incidence  In  all  eaaaa,  tha  cleotrlc  field 

ia  in  tha  plane  of  tha  incident  k  vector  and  tha  oplindar  axle. 

In  Figs.  2  through  9,  tha  incident  wavelength  ia  3.14  an  and  tha  oplindar  radlua 
la  3.0  nicroa  (ha  -is  10"*).  Tha  electrical  condootivitp  ia  3  x  10*  nho/n.  Thaaa 
paranatara  ara  rapre santa t iva  of  graphite  fibers  illuaiaated  bp  a  3  nn  plana  wave. 

3.1.1  Behavior  aa  a  Funotlon  of  kh 

Figures  2,  3,  4  and  5  show  tha  behavior  of  tha  aoattaring  pattern  for  three 

values  of  kh,  where  h  -  half  length.  In  Fig.  2,  kh  “  1.  This  particle  should,  there¬ 
fore,  aeettwr  Ilka  a  einpla  dipole  and  we  sea  fron  the  figure  that  thia  it  indeed 
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•  o.  Ho**  tkit,  ITU  t ho* | h  8*  -  SO®,  thi  scattering  liipliyi  •  broad  lob* 
i klik  1*  symmetric  itl  h*i  •  Miltu  *t  90®,  which  1*  "•  rp*ad  1«*1  *t  to  th*  asi*. 

In  Pig.  J.  th*  length  ha*  b**n  lner****d  Iron  1  nn  to  5  corresponding  to  kh  - 
S.  V*  •••  that,  in  thi*  *••*.  th*  *o*tt*r ing  pattern  i»  nor*  oo*plioat*d.  V*  still 

•  ••  a  littl*  bit  of  th*  symmetric  ( dipol  •  - 1  ik» )  *o*tt*ring  at  90°.  Thi*  ia  in  th* 
intermediate  rang*  of  kh.  Th*  pattern  i*  largely  symmetric,  with  th*  major  lob* 
appearing  in  th*  vioiaity  of  180°  ~  ® t  “  ISO0. 

Not*  that,  in  th*  **••  of  kh  >>  1.  th*  scattering  aaplltnd*  is  oosstast  ia  th*  aai- 
ipaaatric  oon*a  who**  inolnded  half  angl*  it  6,  th*  differential  scattering  angle  of 
th*  fignr**.  Therefor*,  th*  differential  scattering  cross  section  at  9»H0-9j  i*  th* 
■  aB«  ns  that  it  t  •  180°  *  .  Bnt.  thi*  latter  *oatt*ring  angl*  i*  th*  diraction  of 
th*  ino id*n t  k  vector,  and  th*r*for*.  is  th*  forward  scattering  direction.  It  is  wall 
known  that,  for  larg*  kh,  w*  should  *zp*ct  to  find  a  najor  lob*  la  th*  forward  direc¬ 
tion.  Therefore,  th*  lob*  at  8  s  150°  qusl  itstivoly  sgr**s  with  what  w*  wonld  intui¬ 
tively  expect  for  a  moderately  larg*  vain*  of  kh  and  small  k*. 

If  w*  next  incr*a*«  th*  l*ngth  sc  that  kh  “  10  (a  vain*  wall  into  th*  kh  >>  1 
region) ,  w*  •••  in  Pig.  4  that  th*  major  lob*  of  Pig.  3  develop*  into  a  mnoh  mot* 
prononaoad  p*ak  ia  th*  vicinity  of  8  -  15c4.  Thi*  show*  that  th*  forward  ( 8“  180°  + 
et )  and  sp*cnlar  (0-  180°  -  8i)  scattaring  pattern*  ar*  fairly  well  developed. 

Fignr*  S  1*  a  composite  of  Figures  2,  S.  and  4,  with  all  data  shown  in  oorreot 
numerical  seal*.  It  is  interesting  to  not*  that  the  peak  for  kh  ■  10  is  closer  to 
1S0°  than  that  for  kh  »  3.  which  is  in  agreement  with  onr  expectations. 

3.1.2  Behavior  a*  a  Function  of  84 

In  th*  a*st  s*t  of  Figs.  (6  through  9),  w*  fix  kh  at  a  vain*  of  kh  -  5  and  choo** 
thr**  angl**  of  lnold*no*:  8j  ■  30°,  80°,  and  90°, 

Th*  scattering  pattern  of  Fig.  6,  fox  which  84  “  30°,  is  that  of  Fig.  3  and  is 
repeated  f  r  continuity.  V*  •••  ia  Fig.  7  that,  when  8g  is  increased  to  60°,  th* 
major  lob*  shifts  to  8  ~  180®  -  <0°  ■  120°,  which  is  Jsit  what  w*  should  *ap**t. 

At  84  “  90°  (Fig.  8),  w*  have  brood* id*  incidence  and  th*  major  lob*  he*  shifted 
to  90°  as  *np*ot*d.  Th*  pattern  is  symmetrical  about  90°  as  it  shosld  be. 

A  composite  of  th*  pr*o*ding  three  curv**  is  shows  is  Fig.  9,  which  demonstrate* 
how  significantly  th*  magnitudes  of  th*  **att*ring  cross  sections  differ  as  s  function 
of  angl*  of  incld*nc*. 
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3.2  Backsoatter  Cress  Siotioii 

V*  ktvi  nad*  a  mbit  of  coaparisoas  between  the  results  of  tka  present  theory 
aad  available  aaaiaraaaati.  Tka  data  presented  la  tki*  aaetioa  ara  Halted  to  moderate 
values  of  kk  £.  10.  It  la  unfortunate  tkat  aora  axpatlaaatal  data  ata  aot  available, 
la  particular,  t  a  kata  found  no  axparlaaatal  data  foe  lossy  cylinders.  Available 
axparlaaatal  data  aitk  which  we  eaa  ooapara  appears  to  ba  liaitad  to  tka  baakaoattar 
cross  saotloaa  of  perfectly  conducting,  bat  tkla  ( ka  <  1)  aims.  Notwithstanding, 
ooasldarabla  Insight  oaa  ba  gained  la  tka  foregoing  coaparlaoaa. 

3.2.1  Sadat  Crota  Section  vs.  Aspect  Angle 

la  tkla  sub-section  «a  coapata  tka  raaalta  of  tka  prasaat  theory  with  axparlaaatal 
data  taken  at  Lockkaad  Georgia^  for  taagataa  wires  la  tka  resonance  region.  Tka 
aaasaraaaat  frequency  was  9.373  08a.  lira  dlaaatars  ranged  fro®  1  to  3  alia.  Tka  akin 
deptb  of  tuagatan  la  0.04  alia  at  tkla  frequency  and  we  can,  therefore,  consider  tka 
conductivity  to  ba  infinite  for  Figs.  10  through  Id.  In  tkaaa  Figures,  tka  solid 
curves  ara  our  theoretical  results  and  tka  dotted  curves  ara  axpariaantal  data.  These 
Figures  ara  plots  of  backsoatter  cross  section  par  square  wavelength  va.  aspect  angle 
with  tka  B  vector  and  tka  cylinder  axis  in  tka  rotational  plana.  Note  that  90°  aad 
270°  represent  broadside  incidence,  while  0°  and  110°  repreaent  end-on  incidence. 

Figure  10  corresponds  to  the  onset  of  the  first  ( -  balf  wavelength)  resonance. 
Note  tkat  the  angular  ayaaetry  of  the  data  la  off  by  10  to  13  degrees.  If  tkla  were 
corrected,  reasonably  good  quantitative  agreeaeat  would  be  observed. 

Figure  11  correspond*  to  the  first  resonance  (1/X  *  0.4S0)  and  we  find  excellent 
•greenest  between  tkeory  aad  exparineat.  Figure  12  (t/X  ■  0.496)  shows  good  experlaentsl 
•ynaetry  aad  agree.,  t  within  10%.  In.  Fig.  13,  In  which  l/X  -  0.323,  the  agreeaeat  la 
better  than  10%  when  correction*  are  aad*  for  experiaeatel  a*  assymerry. 

Not*  In  Fig.  14,  for  which  l/X  ■  0.834  the  broadside  (90°)  peek  observed  in 
Figs.  11  through  13,  has  split  and  the  BC8  1*  reduced.  Although  the  feature*  of  the 
tkeory  vs.  experlaeat  agree,  the  quautitetlv*  agreeaeat  is  only  within  -23%  to  30%  in 
Fig.  14. 

Figures  13  aad  Id  correspond  to  l/X  ■  0.929  and  l/X  ■  1.031,  respectively.  In 
Fig.  IS,  the  experlaentsl  aaplitude  as assymetry i s  about  12%,  while  the  agreeaeat  between 
tkeory  and  exparineat  ere  within  about  18%.  In  Fig.  Id,  a  new  nsxiasa  has  foraed  at 
90°  and  270°.  The  entire  pattern  is  reduced  aad  only  aoderate  (20  to  23%)  theoretical 
experiaental  agreeaent  le  observed. 


tion/lambda  of  a  tungsten  wire 


Fig.  11  Radar  cross  section/ lambda  of  a  tungsten  wire  as  a  function 
of  angle  of  incidence,  8-,  for  l/\  »  0.480  and  Jt/d  =  605. 
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3.2.2 


Backseatter  Cross  Ssotlos  ts,  kb 


In  this  smb-ssotion,  we  first  compare  tbs  results  of  the  present  theory  with  sou 
early  exper iaentsl  leissteaests  on  hi(hly  oondnoting  wires  by  At  end  Sobnitt*'1  with 
the  resalts  of  the  present  theory.  Figure  17.  the  experlnentsl ly  observed  baeksostter 
cross  section  per  sqaare  wavelength  it  plotted  as  a  function  of  kh  for  three  vtlaes  of 
ka.  Note  that  an  error  exists  in  this  Flgnre.  The  solid  line  (ka  ■  0.132)  and  the 
dotted  lino  (ka  ■  0.020  were  obvioasly  inadvertently  interchanged  in  the 
original  paper  by  As  and  Schaitt  and  the  error  was  raprodaced  in  King  and  Vo. 

Pigare  II  shows  the  resnlts  of  the  present  theory  for  the  sane  pnraaeters  at 
those  of  Fig.  17.  Note  that,  exoept  for  the  deep  alnina  of  Fig.  It.  excellent 
quantitative  agreaaent  it  deaonstratod.  The  existence  of  these  ■lniaa  will  be  diacatsed 
in  8eotion  3.3. 

Pigare  19  shows  the  behavior  of  the  backseatter  cross  section  vs.  kh  for  fonr 
electrloal  condwctlvity  values  ranging  froa  100  aho/a  to  infinity.  Note  that  (a)  at 
we  would  expect,  the  backseatter  cross  sections  decrease  with  decreasing  oondnctivity, 
(b)  the  plateaus  degenerate  to  tiaple  aaxiaa.  and  (c)  the  three  very  deep  alnina 
persist  even  for  taall  valnet  of  electrical  c ondnc t 1 v i ty . 


V •  next  investigate  the  behavior  of  the  theory  vhen  kh  beoosei  very  large.  The 
purposes  of  this  are  (a)  to  test  the  stability  of  oar  solutions  in  the  very  large  kh 
range,  (b)  to  determine,  if  possible,  asymptotic  expressions  for  the  cross  sections, 
and  <c)  to  sse  if  the  solntions  sppesr  to  be  reasonable  on  physio'.l  gronnds. 

In  Figaros  20  snd  21,  which  s re  anslogons  to  Fig.  17.  vs  hsve  plotted  (linear 
plot)  baokaoatter  cross  section  pt ■  square  wavelength  vs.  kh  over  the  range  0.23  £  kh 
i  100.  la  Fig.  20,  ka  ■  10“*  and  in  Fig.  21,  ka  "  10“* .  Te  find  that 

(a)  the  backsoatter  cross  section  appears  to  be  well  behaved  in  the  very  large 
kh  regiae 

(b)  The  ninins  of  Fig.  17  persist  to  at  least  kh  ■  100. 

An  analysis  of  Figs.  20  and  21  gives  the  following  asynptotic  relationship: 

°RCS  =  1  /  kh  \ 2  (2i) 

2  ^  \  ^(ka)  / 

The  above  equation  is  plotted,  along  with  the  theoretical  results,  in  Figs.  20  and 

21. 

Another  teet  of  the  theory  is  to  observe  the  behavior  of  the  differential  scattering 
cross  section  in  the  very  large  kh  Unit.  The  results  of  these  oonpntatione  are  given 
below. 

Figures  22,  23,  24  and  23  show  the  behavior  of  the  differential  scattering  cross 

section  per  square  wavelength  for  various  values  of  kh.  The  cylinder  orientation  is 

broadside,  with  B  parallel  to  the  cylinder  axis.  The  values  are  kh  ■  10,  13,  23  and 
100.  Note  that,  as  kh  is  increased,  (s)  the  width  of  the  oeatral  aexiaus  decreases, 
(b)  the  lobe  etructure  beeones  conpressed,  and  (o)  unexpected  ninor  lobes  appear  near 
0°  snd  1(0°.  The  relative  snplituds  of  these  sinor  lobes  appears  to  diminish  as  (ka) 
is  decreased.  Ve  do  not  presently  hsve  s  conclusion  as  to  whether  or  not  these  are  real 
or  are  the  result  of  the  use  of  the  simple  ourrent  funotion  given  in  Section  2. 

Bxoopt  for  (c)  above,  the  curves  of  Figs.  22  through  23  sppesr  very  normal  snd 
well  behaved.  Also,  ve  hsve  shown  that  the  main  lobe  structure  agrees  exactly  with 

the  usual  (oln2khsln6 /2khain8) ^  representation. 

Figures  26  sad  27  represent  an  interesting  snd  unanticipated  result.  First,  note 
that  the  angle  of  Incidence  1*  40°  (30°  off  broadside).  In  Fig.  26  the  total  length 
(2k)  of  the  oylinder  is  an  odd  multiple  of  «  quarter  wavelength.  Specifically,  the 


Caloalatad  biotioittn  ctOM  for 
laflaltalj  ooadactiaf  oylirdara  at  broadaida  iacidaaoa 
as  a  faaetioa  of  kk.  kh  i  100  sad  ka  -  10-3 .  Tha  solid 
uarvs  la  a  plot  of  Bq .  (21). 
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Tat. .  X .  S  .  m 

9. 18E+00 

total  l»i|tk,  i  •  lk,  la  |1t*i  by  l  «  103. 5  (X/2).  Althoagk  point*  ara  computed  only 
for  ewery  degree  of  aeattariag  angle,  It  oaa  ba  aaaa  that  tka  aaattariag  pattira  ia 
•  all  b«kaT«l\tltk  a  larga  peak  la  tka  forward  direction*. 

Tkla  expooted  bakawlor  of  tbo  aoattarlag  pattora  la  typioal  of  aaar lw  all  of  tka  kk  >> 

I  aoattarlag  pattaraa  wkloh  wa  kawe  plottad.  Ta  kawe,  kowawar,  foaad  aa  azoaptloa  to 
tkla  bakawlor.  It  oooara  wltkla  a  watw  aarrow  raaga  of  kk  wkaa  tka  total  laagtk  la 
approzlaata ly  aqaal  to  aay  (ewan  or  odd)  amltipla  of  a  kalf  wawalaagtk.  Wkaa  aaok 
■altlplaa  oooar.  i.a.,  1  •  2h  ■  NX/2  wkaa  N  >>  1,  wa  flad  a  larga  paak  (aqaal  to  tka 
forward  aoattarlag  paak)  la  praolaaly  tka  baokaoattarlag  dlraotloa  9  -  0 ^ .  Tkla 
baokaoattar  paak  oooara  for  all  aaglaa  of  laoldaaea  for  wklok  wa  kawe  aada  ooapatat loot . 
Aa  exanple  of  tkla  la  akowa  la  Fig.  28.  Tkla  aaoaaloai  bakawlor  oooara  for  laaa  tkaa 
3b  of  tka  oylladar  leagtka  If  wa  eoatlaaoaaly  wary  oylladar  laagtk  (9g  i  90°  aad  kk 
>>>  1)  aad  obaarwa  tka  aoattarlag  la  tka  baokaoattarlag  (9  »  9t)  dlraotloa.  A  fartkar 
dlaoaaaloa  of  tkla  aaoaaly  will  ba  glwaa  la  Saotion  3.3 

3.4  Awaragad  Extinction,  Abaorptloa,  aad  Soatterlag  Croaa  Seotluaa  wa.  fawalaagth 

la  tka  oaaa  of  traaaalaalon  of  alaetroaagaatio  radiation  Into  olowda  of  randomly 
orlaatad  eondnotlwa  flbora,  ona  la  lataraatad  la  tka  orlantatloa  awaragad  walaaa  of 
tka  axtinotloa,  abaorptloa,  and  aoattarlag  eroaa  aaetloaa.  In  particular,  tka  eroaa 
aaotlon  par  aalt  wolaaa  of  tka  partlela  ia  of  inportaaoe.  Wo  kawa  dawalopad  a  computer 
program  for  tka  oaloalatlon  of  tka  abowa  oroaa  aaetloaa  aa  a  faaetloa  of  tka  wavelength 
of  tka  laoldant  radiation.  Tka  flxad  paranatara  la  tka  oaloalatlon  ara  flbar  radlaa, 
langtk,  aad  eoadnetlwlty. 

Aa  axaaiplaa  of  tka  abowa  naatlonad  plota,  Flga.  28,  29.  aad  30  pradlot  tka  apaetral 
oba  r  a  o  t  a  r  1  a  1 1  o  a  of  tkln  grapkita  flbara  In  tka  apeotrxl  raaga  0.1  aloroa  1X1  100 
aleroaa.  Tka  flxad  paranatara  ara  radlaa  *  0.1  p,  ooadaotlwlty  ■  3.3  x  10*  nko/a.  and 
total  langtk  •  1  p ,  3.3  p.  and  10  p  for  Figa.  28,  29,  aad  30,  raapaotlwaly.  Tka  daakad 

I I  na  a  oorraapoad  to  aoattarlag  aad  abaorptloa  la  tka  RaylalgU  Unit.  Nota  tkat  tka 
warloaa  alaotronagaatlo  oroaa  aaotloaa  ara  awaragad  owar  partlela  orlantatloa.  It 
akoald  alao  ba  aotad  that  tha  oriaatatloa  awaragad  aoattarlag  aad  abaorptloa  oroaa 
aaotloaa  ara  ooapatad  by  awaraglag  tkaaa  owar  all  aapaet  aaglaa  aad  (la  tka  oaaa  of 
aoattarlag)  all  aoattarlag  aaglaa,  aa  akowa  by  8qa.  (17)  aad  (19).  lowawar,  tka 
axtinotloa  croaa  aaotloaa  ara  ooapatad  aalag  tka  Forward  Anplltada  tkaoran  Bq.  (18). 
At  any  wawalaagtk,  tha  aan  of  tka  aoattarlag  and  abaorptloa  oroaa  aaotloaa  akoald,  of 


*Aa  waa  pointed  oat  earlier  la  tkla  paper,  tka  aoattarlag  la  tka  aaaa  at  tka  angle 
110°  +  9 g  aa  at  180°  -  9j.  Tkarafora,  tka  large  paak  at  180°  -  9j  oaa  bo  Interpreted 
at  forward  aoattarlag  aa  wall  aa  aeattariag  at  180°  -  9 


I 

I 

I 

I 

I 

% 

\ 

*1 

I 

i 


ttidii  bo  equal  to  the  uttutioi  areas  sootioa.  Simas  ths  extiaotioa  asost  sootioa 
la  ooaputed  by  iiiapaadait  ami.  a  good  abaak  01  tbs  theory  is  to  doteraiac  whether  or 
ao t  tbs  equality  5Bba  *  *soo  “  *oxt  povails.  Imdaod,  it  osb  bo  ooob  by  iaspootloa  of 
tbo  tbroo  figoroo  tbot  tbo  equality  dots  oxiot  tbcomgboot  oil  but  tbo  obortoot  wavoloagtb 
raage  of  tbooo. 

Tbo  aoia  purpose  of  imolmdiBg  tbroo  figsroo  is  to  deaoastrato  tbo  behavior  of  tbo 
ttoci  ooctioBO  it  tbo  fiber  loagtb  is  iaorooood  froa  on  aieroa  to  tos  aieromo.  la 
Pig.  Iti  wo  ooo  tbot  tbo  sbsorptioa  cross  sootioa  boooaot  aoxiaaa  ot  shoot  X  »  10  |t 
sad  is  aoro  tbsa  two  ordors  of  asgaitads  bigbsr  tbsa  tbo  sosttoriag  cross  sootioa  for 
waveleagtbs  loagor  tbsa  10  p. 

la  Fig.  29,  tbo  loagtb  bos  booa  iaorossod  froa  1  |i  to  3.3  m  sad  wo  soo  that  tbo 
sbsorptioa  roacbos  its  asxiasa  at  X  -  30  to  30  aietoss  sad  tbo  scsttorlag  cross  sootioa 
it  grsstor  tbsa  that  of  Fig.  3d. 

Figaro  30  shows  tbo  bobavior  wboa  tbo  total  lOBgtb  is  iaorossod  to  10  aieroaa. 
Haro,  wo  soo  that  tbs  sbsorptioa  (sad  oxtiactiox)  sro  fairly  eoastsat  over  tbo  raago  1 
P  i  X  4  100  p. 

Tbo  above  Figaros  show  that,  wboa  tbo  fibor/loagtb  is  iaorossod  froa  1  a  to 
10  |i.  one  obtsias  iaprovod  absorptive  (sad  oxtiactioa)  proportios  of  tbs  fiber  at  tbo 

loagor  iafrsrod  wsvolsagtbs.  It  to  also  sosa  that,  as  fiber  loagtb  is  iaorossod.  tbo 
ratio  of  sosttoriag  to  sbsorptioa  cross  sootioas  iaorossos  (as  wo  aboald  oxpost). 

It  is  iaportsat  to  aoto  that  tbo  asaoriesl  iatogratioas  for  eaot  sad  3Bba 
carried  oat  is  3°  iacroaoats  ia  both  9  sad  8*.  This  ratbor  coarse  lacroaoat  was 
ascosssry  boososo  of  ooapator  aosory  liaitstioas.  As  kb  becomes  larger,  tbo  sosttoriag 
psttoras  become  aoro  peaked,  aad  tbo  floor  tbo  oagalar  iatogratioa  lacroaoat  aboald 
bs.  Tbo  aso  of  s  3°  lacroaoat  ia  probably  tbo  roasoa  for  tbo  iaequality  of  3l(t  + 
*abs  “  «oxt*  This  toatatlvs  coaolaaioa  is  roiaforcod  by  aotiag  that  tbo  exact  speoalar 
psak  at  ♦  •  «  *  li  always  oao  of  tbs  poiats  iacladod  is  tbo  aagolsr  iatogratioa  of 
tbo  difforoatial  sosttoriag  cross  sootioas.  aad  it  is  tboroforo  weighted  aoro  stroagly 
as  tbo  width  of  the  peak  approaches  tbo  sagalar  iatogratioa  lacroaoat.  Wo  plaa  to 
compute  a  lialtod  noaber  of  plots  elallsr  to  those  of  Figs.  (38),  (2P).  aad  (30)  asiag 

1°  iacroaoats.  aad  to  eoaparo  tbo  abort  wavoloagtb  bobavior  with  that  of  Figaros  38. 
29,  sod  30. 

Fiaslly,  it  is  iatorostiag  to  aoto  that,  ia  tbo  loag  wavoloagtb  liait,  previous 
results®**  based  oa  Eaylolgh  acattoriag  sad  sbsorptioa  (dasbod  lias)  are  ia  close 
agrooaoat  with  those  of  tbs  prosoat  theory. 
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Tk«  primary  parp ©ee  of  «n  tkoorotiool  work  oa  scattering  sad  ibi«tytioa  by 
cylinders  hot  beoa  to  include  ohaie  lootoo  la  tko  historic  fornalisa  developed  by 
Tel*,  Coooody  tad  Falaberg2,  oad  othor*.  Tko  t itioa  for  tkla  kaa  baoa  to  provide  a 
aaofal  procedure  for  tko  ooapatatioa  of  scattering,  abaorptioa,  aad  aatiaotioa  eroaa 
aootloaa  for  loaay  flbora.  It  taraa  oat  tkat  oaaoatially  all  of  tko  available 
experimental  data  with  which  we  oaa  ooaparo  tko  tkoorotiool  roaalta  lavolvoa  ilrea 
having  a  conductivity  ao  klgk  tkat,  for  all  praatloal  parpoaoa.  It  la  laflalte.  Tkla 
la  why  a  largo  portloa  of  tko  data  proaoatod  la  tkla  report  involve  infinitely  ooadaetlag 
flbora. 


Tko  dotalla  of  tko  various  aeattorlag  pattoraa  vkleh  to  karo  investigated  obvloaaly 
dopoad  to  a  vary  klgk  dogroo  apoa  tko  oarraat  faaotloa.  Tko  abaorptlre  properties,  of 
ooaroo,  alto  dopoad  apoa  tko  oarraat  faaotloa.  To  believe  tkat  good  bekavlor  ox  the 
aeattorlag  pattoraa  la  a  glvoa  roglaa  justifies  tko  aao  of  tko  v  .oat  oarraat  faaotloa 
la  that  roglao  for  tko  oaloalatloa  of  abaorptioa  aa  wall  »  oattorlag.  To  aay  tkla 
la  aaotkor  ray,  a  oarefal  aaalyala  of  tko  aeattorlag  prodletloaa  of  tko  theory  la 
a  pororfal  tool  la  dotoralalag  rkaro  tko  aao  of  tka  proaoat  theory  la  aoeoptablo  aad 
rhoro  It  la  aot.  la  addltloa,  aa  mentioned  la  Beetloa  9.2.9,  tko  ooaaorvatloa  of 
oaorgy  orltorloa  (»ioa  +  «aba  "  *eat*  alar  aorvaa  aa  aa  laportaat  velldatloa  tool. 

With  regard  to  tka  data  vklok  ra  have  laoladod  la  the  preoedlag  pages,  vo  have 
tko  follovlag  specif lo  eosaoata: 

(1)  Tko  foataroa  of  tko  dlffereatlal  aeattorlag  data  of  Bootless  9.1.1  aad  3.1.2 
(Plga.  2  through  9)  appear  to  bo  as  oae  roald  oxpoot,  with  tko  forward 
aeattorlag  loba  baeoalag  aoro  proaoaaood  as  kh  — ♦ 1 0 .  A  soaovkat  dlstorblag 
foataro  of  those  data  la  tka  preaoaeo  of  rather  larger  lobes  aear  0°  aad 
1B0°  (ead-oa)  tkaa  vo  ospooted  to  flad. 


(2)  Tka  data  oa  baokaeatter  cross  sootloas  la  very  lastreetlve.  Oar  predictions 
agree  vory  wall  vitb  tka  Lookkood  aoaamreaaata  over  the  (rather  sasll)  range 
of  0.4B0  1  l/X  £,  1.091  la  Beetloa  9.2.1  (Figs.  10  tkroagk  Id).  The  quali¬ 
tative  aad  qualitative  dataila  of  tka  theory  va.  these  ■easnreaeata  aro 
in  good  agreement. 

la  Seotion  9.2.1  very  good  agreeaeat  is  deaoastrated  between  theory  and 
experlaeat  for  the  three  ka  values  of  Figs.  17  aad  IB.  lovover,  aote  that 
the  deep  aiaiaa  appearing  la  Fig.  19  are  definitely  iaoorreet.  Those  lotos 
la  the  baokaeatter  cross  section  oeear  for  arbitrarily  avail  ka  values,  and 
therefore,  signify  aero  volaoa  of  8(0),  the  forward  aeattorlag  avplltade. 
This,  in  tura,  foroaa  the  ooaelaaloa  tkat  tka  total  cross  section  la  aero  at 
theae  values  of  kh,  which  eaaaot  bo. 


•  .s  ■. 
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Tki  above  problem  eti  be  directly  traced  to  the  onrrent  fuaatloa  of  Bgs.  (5). 
(  £  )<  end  (7).  If  »•  integrate  the  eerreat  faaotioa  over  the  leagth  of  the 
wire  ead  let  the  integral  eqeil  to  aero  (e.g.  aet  oarreat  «  0),  we  fiad  that 
the  relation  taa(kh)  ■  hh  ohtaiaa.  Ve  have  doae  paraaetrlo  plota  of  thie  agnation 
aad  fiad  that  the  aeroa  of  Fig.  It  oeear  precisely  at  the  values  of  kh  which 
satisfy  the  above  traaaceadeatal  agnation.  Ve  ahoald  aote  that,  ia  re-readiag 
Tai'a  paper.1  ve  foaad  that  he  had  dlacovered  the  same  problem  aad  prodaccd  the 
ease  traaaceadeatal  agnation.  Thia  ia  a  deflaite  liaitatioa  of  the  theory.  Aaide 
from  thia.  ve  aeea  to  be  la  good  agreeaeat  with  experlaeat.  Therefore,  takiag 
thia  reservation  Into  aooonat,  the  theoretical  baokacatter  data  for  Tarioaa  finite 
valaea  of  ooadactivity  (Pig.  19)  have  high  credibility. 

(9)  Ia  the  case  of  very  large  valaea  of  kh.  ve  aee  that  the  aiaiaa  aeatioaed 
above  pereiet  oat  to  at  leaat  kh  ■  100  (Section  3.3,  Figa.  20  aad  21),  aad 
predictioas  ia  the  aear  vicinity  of  taa  (kh)  -  kh  ahoald  be  disregarded. 
Aaide  from  thia,  ve  fiad  that  the  theory  is  veil  behaved  for  eatreaely  large 
valaea  of  kh  for  broadside  scattering.  Aa  aayaptotic  eapreaaioa  for  the 
broadside  baokacatter  cross  section  va  kh  vat  derived  aad  ia  given  by  Bg.  (33). 

The  ealcalationa  of  differential  scattering  oroas  section  ve  scattering 
eagle  plotted  ia  Figa.  2d  aad  27  are  very  veil  behaved  and  prodate  erectly 
the  aarrov  forward  scattering  lobe  which  ve  expected.  Hovever,  ve  have 
determined  (as  disoassed  ia  Section  9.3)  that,  within  a  very  aarrov  raaga  of 
i/i,  a  large  backaoatter  peak  oceara  at  all  valaea  of  f/A  •  N,  where  N  ia  any 
large  integer.  Since  this  behavior  ia  essentially  independent  of  the  angle 
of  iaoideace,  ve  ooaelade  that  it  ia  iaoorrect  and  reflaeta  a  liaitatioa  of 
the  simple  oarreat  faaotioa  which  ve  are  asiag. 

(4)  The  ooapatatioas  plotted  in  Figs.  28,  29,  and  30  (Section  3.4)  provide  sa 
example  of  the  oae  of  the  theory  vhich  ve  have  developed.  Ia  order  to  obtain 
aeearate  reaalta  in  the  larger  kh  range,  ve  mast  obviously  aee  fiaer  aagalar 
increments  ia  the  iategratloaa  to  obtain  the  total  soatteriag  oroas  sectioaa. 
Ve  have  realised  this  for  some  time  sad  are  takiag  steps  to  obtain  higher 
oompatatioaal  speed  and  more  seeded  compater  memory.  It  is  particularly 
interesting  to  aote  the  good  agreement  ia  the  Bayleigh  region  betveea  the 
early  oaloalations  of  Pedersen  and  the  present  theory. 

It  is  recognised  that  realistic  oaloalations  la  the  infrared  aad  visible 
portions  of  the  spectrum  regairs  the  use  of  established  optical  constants 
(oonplsx  refractive  index)  aad  appropriate  modification  thereof  ia  the 
very  thia  Halt  of  partlole  radius. 
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In  concluaion,  w*  have  found  aurpr it ingly  good  ogrooaont  botvooa  the  theoretical 
predictions  and  available  experimental  data,  tbo  calculation*  ara  vail  behaved  out  to 
vary  large  valuaa  of  kb  where  va  find  no  onaat  of  instability.  Two  liaitationa  of  tbo 
tbaory  vara  idantifiad.  Tbaaa  occupy  only  a  vary  avail  fraction  of  tba  kb  valuaa  in 
any  given  kb  range  and  aucb  kb  value*  can  be  avoided  in  future  confutation*  without 
aarioua  liaitationa  of  tb*  overall  infornation  vbicb  on*  can  obtain.  Va  believe  that 
tbaory  aa  it  now  atanda  ia,  vitb  tbaaa  apacific  raatr ictiona,  applicable  to  aany 
problem*  of  nor*  than  paaaiv*  internet  to  DoD. 
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ABSTRACT 

Eleven  dipole  interaction  calculations  were  carried  out.  It  was  found  that  absorption  is  reduced  if  dipoles 
interact,  that  use  of  short  dipoles  can  provide  more  absorption  per  unit  volume,  and  that  scattering  and  absorption 
characteristics  can  be  optimized  through  choice  of  dipole  conductivity. 

INTRODUCTION 

Dipoles  are  used  to  scatter  and  absorb  EM  radiation  in  many  practical  applications.  Often  it  is  assumed  that 
the  dipoles  act  independently,  so  the  effect  of  N  dipoles  is  N  times  that  of  one  dipole.  If,  instead,  the  dipoles 
interact,  they  generally  tend  to  shield  one  another,  reducing  the  net  effect  to  less  than  N  times  that  of  one  dipole. 

We  report  on  calculations  made  to  assess  the  distances  between  dipoles,  in  various  configurations,  at  which  one 
may  assume  they  act  independently.  First  we  examine  two  extreme  cases  that  are  tractable  theoretically!  a 
Rayleigh-sized  sphere  and  an  infinitely  long  cylinder.  Then  we  discuss  several  cases  that  are  best  handled  by 
numerical  analysis,  specifically  by  a  moments  method  computation.  These  are  cases  where  the  dipole  length  Is  near 
its  resonance  range. 

In  all  cases  the  approach  is  to  determine  the  ratio  of  scattered  to  incident  field,  |Es/Ej|,  as  a  function  of 
distance  from  the  dipole  or  group  of  dipoles.  One  expects  little  effect  of  the  illuminated  dipole  upon  another  dipole 
placed  at  a  distance  where  the  ratio  is  small. 


THEORETICAL  CASES 

CASE  I  -  CONDUCTING  RAYLEIGH  SPHERE 

The  scattered  field,  E^,  at  distance  r  along  the  direction  of  incidence  and  in  the  plane  perpendicular  to  the 
dipole  moment  due  to  an  Incident  field,  E(,  polarized  parallel  to  the  dipole  is  given  by  (ref.  l)i 


or 


E,  k2  R3  f  1  1 

Ej  r  ^  Orr)2  (kr)* 


1/2 


•This  work  was  supported  by  contract  DAAK70-S3-C-0066. 
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for  r  >  R,  where  R  3  sphere  radius 
k  »  2 ff/X 
X  3  wavelength 
8  «  kR 
Z  =  kr 

For  a  particular  case  with  R  =  0.265  mm  and  X  =  0.5  cm,  this  ratio  is  plotted  in  figure  1  as  a  function  of 
distance  from  the  sphere  center.  As  expected,  the  scattered  field  decreases  rapidly  as  one  proceeds  away  from  the 
sphere,  and  is  less  than  10%  of  the  incident  field  for  distances  greater  than  about  one  sphere  radius. 

CASE  D  -  INFINITELY  LONG  CONDUCTING  CYLINDER 

Reference  2  gives  for  the  scattered  field  about  an  infinitely  long  conducting  cylinder  of  radius  R: 

E,  (C30(kr)]2  ♦  CY0(kr)]2)I/2 

Ei  {l  ♦  t(2/n  )  In  (kR/2)  ♦  0.5772]2)1/2 

for  r  >  R  and  kR  «  1  (Rayleigh  condition  on  diameter). 

For  a  particular  case  with  R  =  'f  microns  and  X  =  0.5  cm,  figure  2  plots  this  ratio  as  a  function  of  distance,  r. 
As  expected,  the  scattered  field  decreases  slowly  with  distance  from  the  very  long  fiber,  becoming  less  than  10% 
only  at  about  one  wavelength  distance. 

NUMERICALLY  ANALYZED  CASES 

For  cases  III  et  sea.  more  realistic  dipole  configurations  were  investigated,  cases  not  generally  tractable 
except  by  use  of  numerical  analysis  methods.  The  Numerical  Electromagnetics  Code  (NEC),  a  moments  method 
code  developed  at  Lawrence  Livermore  Laboratory,  was  used  for  this  study  (ref.  3)=  NEC  allows  one  to  solve  for 
currents  and  fields  around  wires  and  other  structures  in  free  space  and  over  ground  planes.  The  analysis  proceeds  by 
solving  Integral  equations  for  induced  currents,  then  computing  resultant  fields.  The  output  for  this  study  consisted 
of  both  currents  and  fields. 

As  with  any  numerical  solution,  care  must  be  exercised  in  setting  up  the  problems  and  choosing  enough 
elements,  l.e.,  segments  of  conductors  to  provide  for  adequate  accuracy  and  convergence.  Convergence  of  solutions 
U  checked  by  running  the  code  fo'  the  same  problem  with  variations  in  segmentation.  In  the  cases  reported  below, 
no  attempt  was  made  to  compute  fields  very  close  to  the  wire  surfaces  since  these  values  are  not  of  Interest  and 
they  add  complexity  in  setting  up  and  obtaining  convergence. 


CASE  in  -  SHORT  DIPOLES 

Case  III  approximated  the  Rayleigh  dipole  calculated  theoretically  above.  The  scattered  field  about  a  stainless 
steel  dipole  8  microns  in  diameter  and  A/100  long  was  calculated  and  is  plotted  in  figure  3.  Microwave  band 
stainless  steel  conductivity  was  taken  from  reference  4.  As  expected,  the  scattered  field  falls  off  rapidly  with 
distance,  being  about  2%  at  one  dipole  length. 

CASE  IV  -  HALF-WAVELENGTH  DIPOLES 

Figure  4  plots  the  scattered  field  versus  radial  distance  from  a  resonant  fiber.  The  field  decreases  quite 
slowly  with  distance,  being  nearly  20%  at  A/2  and  still  10%  at  a  distance  of  two  dipole  lengths.  As  a  variation  of 
this  case,  figure  3  plots  the  same  quantities  when  the  conductivity  of  the  fiber  is  taken  to  be  that  of  graphite,  1.33  x 
105  mhos/m,  an  order  of  magnitude  smaller  than  that  of  stainless  steel.  This  value  is  also  from  reference  4.  Figure 
6  shows  the  scattering  field  when  the  dipole  material  is  a  highly  conductive  metal  such  as  silver,  6.17  x  107  mhos/m. 
The  effect  of  conductivity  is  seen  to  be  an  increase  in  scattering  for  more  conductive  materials,  as  one  would 
expect.  Interaction  between  low-conductivity  dipoles  is  smaller,  alio./*  ig  the  dipoles  to  be  spaced  more  closely  and 
still  act  independently  as  absorbers. 

CASES  V,  VI,  AND  Vn  -  TWO  PARALLEL  DIPOLES,  SPACED  VARIOUSLY 

Applications  may  involve  a  number  of  these  dipoles  spaced  apart  variously.  Case  V  studied  the  scattered  field 
around  two  parallel  half-wavelength  dipoles  a  tenth  wavelength  apart;  case  VI,  the  same  dipoles  spaced  one-third  of 
a  wavelength  apart;  and  case  VII,  two-thirds  of  a  wavelength  apart.  These  three  cases  are  plotted  In  figures  7,  8, 
and  9,  respectively.  They  show  that  at  close  spacing,  the  scattered  field  away  from  the  dipole  pair  falls  off  with 
distance  somewhat  more  slowly  than  at  wider  spacing.  At  very  close  spacing,  the  two  dipoles  appear  to  behave  as 
one  and  the  falloff  is  similar  to  that  of  a  single  dlpol 

CASE  VII!  -  CURRENTS  IN  DIPOLES 

To  assess  the  effect  of  dipole-dipole  interactions  on  both  absorption  and  scattering,  NEC  runs  were  made  of 
two  different  half-wave  configurations,  spaced  far  apart  and  closely  ( A/10).  Figure  10  shows  these  bounding  cases. 
The  curves  reinforce  the  point  made  earlier  about  fields*  the  current  in  each  dipole  becomes  smaller  as  the  dipoles 
ge+  closer,  and  the  sum  of  the  currents  generates  a  single  dipole-like  field  pattern.  However,  if  the  resistivity  of 
the  wire  material  is  the  same  in  both  dipoles,  then  the  power  absorbed  in  two  dipoles  carrying  halt  the  current  is  less 
than  that  of  one  dipole  carrying  the  total  current. 

CASES  IX,  X,  AND  X!  -  PERPENDICULAR  DIPOLES 

A  dipole  perpendicular  to  tin  Incident  E-field  will  not  respond  to  it;  hence, dipoles  centrally  crossed  at  right 
angles  behave  as  a  single  aligned  dipole,  whether  the  dipoles  are  in  contact  or  not.  A  similar  situation  exists  for 
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perpendicular  dipoles  formed  In  the  shape  of  the  letter  "T"  when  they  are  not  in  contact.  The  NEC  calculation  for 
both  of  these  cases  shows  a  scattered/incident  field  ratio  virtually  identical  to  that  ol  a  single  dipole  of  the  same 
length. 


However,  If  in  the  T-shaped  dipole  arrangement  the  two  dipoles  are  in  electrical  contact,  then  there  is  current 
flow  into  the  top  of  the  T  from  the  stem  and  some  effect  upon  the  radiation  field  from  this  altered  current 
distribution.  The  NEC  result  for  this  eaae  (XI)  is  plotted  as  figure  11.  It  Is  seen  that  the  scattered  field  drops  off 
much  more  rapidly  from  these  T-shaped  dipoles  than  from  a  single  aligned  dipole.  One  expects  this  behavior  to 
occur  for  any  case  where  contacting  dipoles  are  asymmetrically  arranged. 

DISCUSSION  AND  CONCLUSIONS 

We  have  shown  by  a  moments  method  calculation  thatt 

1.  Interactions  between  dipoles  reduce  the  current  per  dipole,  and  thus  reduce  the  energy  absorption  in  the 
dipoles. 

2.  Short  dipoles  have  a  shorter  range  of  interaction,  and  thus  can  provide  space  for  more  scattering  and 
absorbing  elements  in  a  given  volume. 

3.  A  perpendicular  dipole  in  proximity  to  the  illuminated  dipole  (aligned  with  the  Incident  field),  but  not  in 
contact  with  it,  has  no  effect  on  the  scattered  field.  However,  perpendicular  dipoles  touching  away  from 
their  centers  have  reduced  interaction  range. 

These  results  imply  that  small  (e.g.,  Rayleigh)  and  randomly  oriented  dipoles  in  coatings  and/or  clouds  will  be 
more  effective  than  resonant  or  long  aligned  dipoles.  Also,  there  is  a  tradeoff  to  be  made  between  high  and  low 
conductivity  of  the  dipoles  depending  upon  whether  one  is  optimizing  scattering  or  absorption. 
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FIGURE  5.  SCATTERED  FIELO  OF  A  A/2  LEN6TH  DIPOLE  KITH  CONDUCTIVITY  1.33  x  105  NHOS/N 
(NEC  CALCULATION), 


FIGURE  «.  SCATTERED  FIELO  OF  A  A/2  LENGTH  DIPOLE  KITH  CONDUCTIVITY  6.17  x  107  FWOS/N 
(NEC  CALCULATION). 
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FIGURE  11.  SCATTERED  FIELD  OF  A  FAIR  OF  PERPENDICULAR  LENGTH  DIPOLES.  CONTACTING  AT  THE  END 
OF  ONE  AND  THE  CENTER  OF  THE  OTHER  ("T"  SHAPE). 
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ABSTRACT 

The  perturbation  theory  for  the  double  acattering  cf  lipht  fro*  finita  cylinder*  and  apherolds  1* 
deacrlbed  for  the  range  of  wavelangtha  aatlafylng  ka(ra-l)  :  1.  Significant  dlffetmncaa  ere  noted  at 
large  acattering  angle*.  Tha  apecial  geometry  for  double  sc**". >ring  1*  alao  deacrlbed,  and  it  require* 
the  ability  to  daacrlbe  tingle  acattering  with  all  direction*  randomly  oriented. 


INTRODUCTION 

Finite  cylinder*  end  apharolda  are  coopered  to  teat  tha  poaalbl*  effect  of  edge  effect*  on  the 

acattering  amplitude*.  The  theory  for  chia  application  follow*  the  Shiffrln  mathod*  modified  by 

2  3 

Acqulata  end  applied  co  cylinder*  end  apharolda  ea  deacrlbed  In  Haracs,  L.  Cohen,  and  A.  Cohen.  The 

perturbation  theory  la  used  for  eaae  of  calculation,  but  neceaaltatea  the  reatrlction  ka(m-l)  1,  where 

m  la  the  index  of  refraction,  k  the  wave  number  and  a  the  radlua  of  the  target. 

Ua  will  alao  dlacuaa  the  particular  geometry  for  double  acattering  for  finite  target*  with  a 

symmetry  axla  and  indicate  tha  conatralnt  lmpoaed  by  infinite  cylindrical  target*.  The  ability  to  do 

double  acattering  lmpllea  the  ability  to  deacribe  the  scattering  processes  with  ell  directions  (light 

directions  and  polarisation)  perfectly  random.  Thua,  not  only  can  multiple  acattering  be  handled,  but 

also  acattering  from  clouda  of  randomly  orlantad  particles. 

W«  will  also  dlacuaa  the  constraint*  Imposed  on  tha  doubl*  scattering  geometry  by  infinite 

cylinder*.  This  latter  application  haa  the  advantage  of  being  described  by  an  exact  theory  that  holds 

for  all  sizes  ad  indices  of  refraction.  In  addltlo  ,  the  results  for  infinite  cylinders  have  recently 

4 

been  shown  to  agree  well  with  scattering  from  long  cylindrical  metallic  wires. 

COMPARISON  OF  FINITE  CYLINDERS  AND  SPHEROIDS  FOR  SINGLE  SCATTERING 

As  described  in  Ref. 3,  finite  cylinders  are  compared  for  aspect  ratios  from  1/2  to  5,  for  equal 
3 

volumes  of  about  2  Jem)  ,  ard index  of  refraction  m  “  1.33  (to  compare  the  spheroid  results  with  the 
results  of  an  exact  thaory) ,  and  k  ■*  1. 
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a)  Finite  Cylinder 


The  target  frame  of  reference  Is  defined  by  the  incident  direction  of  light  (t^),  the  target  axis 
(tA)t  and  tha  direction  perpendicular  to  this  plane  (xQ) .  The  yQ  axis  la  in  the  *q~*a  plane. 

The  first-order  contribution  to  the  scattered  wave  In  the  target  franc  of  reference  is  then  given  by 

)a  m  ( 0  ^  ^ 


where  tha  quantity  in  parenthesis  is  a  projection  of  the  scattered  wave  that  is  transverse  to  the  scat 

tered  direction  The  vector  ?.  is 

Ad  A 

4  V  -  l)(P)  £.  > 


where 


*tt)  - 


*m * ktim.  (xmk/x)  J,  (*x *) 


with 

a  “  radius,  h  -  height  of  cylinder, 

»(  “  component  of  x  parallel  to  z^, 

component  of  x  perpendicular  to  z^, 
and  the  polarization  matrix  Is  derived  in  the  electrostatic  limit  as 


described  in  Ref. 3.  The  second-order  tens  in  the  perturbation  theory  is  also  described  In  this  refer¬ 
ence. 

b)  The  spheroid. 

The  first-order  scattered  wave  from  a  spheroidal  target  has  a  similar  form,  but  in  this  case  the 
pupil  function  has  the  fora 

*(t)  -  v  / €**+)!  )  foUfl  * 


/(fj  0  J  [+»>  fy)  -  fy)  J/y9  * 

with  V  the  volume  of  the  epheroid  end  (  the  eccentricity.  The  polarisation  matrix  haa  the  terms 
(prolate) 

&rM  -  f  V  -  /  (**-  Of  (t  -  i*)  CoM  4 

*r*  -  Jt  fx  +  l (**-,)  L('~  l')**' l 

with 

J  •  */  *  • 

c)  Conclusions. 

Typical  results  of  this  comparison  is  shown  in  Fig. 2  (normal  incidence,  polarisation  parallel  to 
axis  of  symmetry).  A  study  of  results  such  as  these  indicates  the  following « 

(1)  The  perturbation  theory  through  the  second  order  agrees  well  with  the  theory  of  Asano  and 
Yamamoto?  The  second-order  correction  is  no  larger  than  about  20X  for  the  cases  chosen  In  Ref. 3. 

(2)  The  results  for  the  cylinder  and  spheroid,  though  similar,  differ  at  large  scattering  angles. 

(3)  The  differences  noted  could  be  significant  for  double  scattering  where  one  must  include  ell 
orientations  of  the  symmetry  exea. 

DESCRIPTION  OF  THE  CEOMBTKY  FOR  DOUBLE  SCATTERING 
The  double  scattering  events  are  shown  in  Flg.l.  The  incident  wave  la  linearly  polarised.  The 
direction  of  the  incident  light  is  t  end  the  direction  of  the  scattered  light  Is  The  plane  formed 

by  these  two  directions  Is  called  the  reference  plane.  The  direction  perpendicular  to  the  reference  plane 
is  called  xQ,  and  the  reference  frame  is  Xq,  yQ,  *Q.  The  incident  wavefront  is  in  the  (xy)Q  plane  and 
its  polarisation  makes  an  angle  of  a  with  x^. 
a)  The  first  scattering. 

In  our  discussion  of  scattering  from  finite  targets,  we  presented  the  scattered  wave  in  the 
"target  frame".  The  orientation  of  the  first  target  A  is  given  in  terms  of  the  reference  frame  by  the 
angles  and  y  ^  shown  in  Flg.l.  The  same  scene  is  shown  in  Fig. 3  concentrating  on  target  A.  The 
target-A  frame  of  reference  is  denoted  xA>  yA,  *A  with  «A  the  axis  of  symmetry.  As  the  plane  (*x)A 
contains  tQ,  the  yA  axis  is  perpendicular  to  xQ,  and  It  is  related  to  the  yQ  axis  by  a  rotation  about 
through  the  angle  y .  It  follows  that  the  target-A  frame  and  the  reference  frame  are  related  as 

(  ’ 14  '  fc ;  (I“  %  '  ’ 


*  tiy', 

*  ny  > 


443 


vhsrt 


The  treatment  of  the  first  scattaring  than  proceeds  by  specifying  the  Incident  field  In  the  refer¬ 
ence  f raise,  transforming  It  to  the  carget-A  frame,  applying  the  scattering  operator  to  get  the  scattered 
wave  in  the  target-A  frame,  and  finally  transforming  this  scattered  wave  back  to  the  reference  fra 


1  ’  1 

], 

(t),  - 

*0A  *0  * 

&•),- 
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)  •  — 
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b)  The  second  scattering. 

The  second  scattering  Is  depicted  In  Pig. 4.  Again,  the  reference  frame  Is  defined  as  above.  The 
target-B  frame  la  defined  as  for  target  A  with  *B  the  synsetry  axis.  The  reference  frame  and  the 
target-B  frame  are  related  as 


(  *•  ,  1*  /  1  ) 


— *  c  **, 

( 4a»fa  ) 


»  ) 


where 


c-  4 fa  fa  a*'  fa  -  ^  ^ 

(  fa )  fa')  »  [  -  '**■  ^  fa  ° 

St*  fa  oto  fa  fa  j*.  fa  <***5 


Thus,  given  the  scattered  wave  from  the  target  A  In  the  reference  frame,  as  treated  in  section  a),  one 
must  transform  It  to  the  target-B  frame.  The  scattering  matrix  for  target  B  can  then  be  applied  and 
the  result  Is  a  second-scattered  wave  In  the  target-B  framo.  Finally,  one  transforms  this  scattered 
wave  back  to  the  referance  frame.  It  Is  noted  that  the  final  direction  Is  back  towards  the  Ildar  (the 
source  of  light) ,  or  the  final  direction  Is  ~«o. 
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c)  Cm*  of  Ch*  inf  laic*  cylinder. 

For  an  Infinite  cylinder,  the  scattering  is  well  known  to  be  restricted  to  a  cone.  This  situation 
hM  been  analysed  by  ua  for  double  scattering6,  shown  in  this  rafarenca  that  the  angular  parameter* 
Introduced  in  the  above  discussions  are  related  a* 

C»  *  *  Cm  JJg  C*/  > 

/+**■  9*4  > 

where  0^  is  the  scattering  angle.  Thus  the  number  of  orientational  degrees  of  freedom  are  reduced  in 
the  cmo  of  the  infinite  cylinder.  The  details  for  the  double  scattering  of  light  from  infinite 
cylinders  is  given  in  Ref. 6. 

CONCLUSIONS 

The  various  theories  for  the  scstterlng  of  light  from  targets  with  a  aymetry  axis  requires  that 
a  frame  of  reference  containing  the  incident  direction  and  the  direction  of  symmetry  be  used.  In  dcxible 
scattering,  the  directions  of  incidence  and  polarisation  are  random,  and  a  different  coordinate  system 
is  needed  to  take  this  randomness  into  account.  We  call  thla  the  reference  fr«M.  The  description  of 
double  scattering  thus  Involves  relating  the  two  target  frames  (in  which  the  scattering  matrices  are 
applied)  to  the  reference  frame.  Triple  scattering  would  be  handled  in  a  similar  way  with  a  second 
reference  frame  defined  (between  the  second  and  third  target). 
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ABSTRACT 

This  paper  concerns  experimental  and  theoretical  studies  of  both  elastic  and  in¬ 
elastic  light  scattering  by  colloidal  particles.  The  work  has  been  published  or 
accepted  for  publication  as  follows: 
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The  papers  listed  in  the  abstract  indicate  that  our  main  effort  has  been  to  study 
both  experimental  and  theoretical  aspects  of  surface-enhanced  Raman  scattering.  We 
will  review  only  one  of  these  aspects  in  this  report  (#188) ,  leaving  it  to  the  reader 
to  pursue  the  others  in  the  published  literature. 


The  preponderant  current  view  is  that  the  major  contribution  to  SERS  is  due  to 
the  local  electromagnetic  field  enhancement  associated  with  resonant  excitation  of 
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electron  oscillations,  otherwise  termed  surface  plasmons.  Although  the  vast  majority 
of  experimental  studies  have  utilized  other  substrates,  colloidal  particles  are 
uniquely  advantageous  for  theoretical  analysis  and  it  has  been  possible  to  expand  upon 
classical  light  scattering  theory  in  order  to  articulate  an  electromagnetic  field 
theory  of  SERS.  Not  only  has  it  been  possible  to  predict  the  magnitude  of  the  enhance¬ 
ment  in  agreement  with  measurements  but  this  electromagnetic  field  analysis  also 
depicts  the  remarkable  dependence  of  SERS  on  the  optical  properties  and  morphology  of 
the  colloidal  particles  and  in  turn  upon  the  excitation  wavelength.  The  colloidal 
model  may  be  considered  prototypic  of  other  substrates  for  none  of  which  has  it  been 
possible  to  derive  a  definitive  theory.  Vet  we  had  noted  in  an  earlier  paper  a  dis¬ 
cordant  aspect  which  suggested  the  possibility  of  a  discrepancy  between  the  experi¬ 
mentally  obtained  and  theoretically  calculated  SERS  excitation  spectra  and  also  between 
the  former  quantities  and  the  measured  extinction  spectra.  The  silver  hydrosols 
studied  contained  small,  approximately  spherical  particles  with  average  diameters  as 
estimated  by  electron  microscopy  ranging  from  10  to  40  nm,  varying  degrees  of  poly- 
dispersity  and  a  small  fraction  of  aggregates,  depending  upon  method  of  preparation. 
Theoretical  analysis  indicated  that  these  systems  should  exhibit  a  pronounced  extinc¬ 
tion  peak  at  about  400  nm,  which  indeed  was  observed,  and  that  the  SERS  excitation 
spectrum  should  also  peak  at  about  this  wavelength,  even  for  systems  having  a  rather 
broad  distribution  of  spherical  particle  sizes.  However,  we  were  unable  in  our  labo¬ 
ratory  to  extend  the  SERS  measurements  to  wavelengths  as  low  as  400  nm,  where  the 
extinction  peaked,  but  in  every  case  a  large  enhancement  (>10^)  was  observed  which 
peaked  at  500  nm  or  higher.  Although  the  magnitude  of  the  peak  agreed  with  theory  its 
position  at  longer  wavelengths  required  an  explanation. 

Measured  extinction  spectra  and  the  corresponding  SERS  excitation  spectra  are 
plotted  in  Fig.  1  for  four  representative  samples.  The  extinction  spectra  each  have  a 
major  peak  near  400  nm  and  in  addition  there  is  the  development  of  an  increasingly 
pronounced  shoulder  and  then  a  second  maximum  as  one  proceeds  from  curve  1  to  4.  This 
secondary  feature  moves  from  about  475  to  520  nm,  and  it  is  characteristic  of  particle 
aggregation,  particularly  chain-like  aggregation  as  noted  by  Blatchford,  Campbell  and 
Creighton.  Indeed,  the  preparation  depicted  by  Curve  4  was  obtained  by  coagulation  of 
a  more  narrowly  dispersed  sol  by  bringing  it  to  pH  3.5  upon  addition  of  H2SO4 . 

The  accompanying  SERS  excitation  spectra  on  Fig.  1  are  plotted  using  an  arbitrary 
scale  since  the  absolute  enhancement  was  determined  only  for  Curve  1  (peak  value  4*105). 
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In  each  case  the  peak  in  the  SERS  spectrum  occurs  at  a  wavelength  similar  to  that  for 
the  shoulder  or  secondary  peak  in  the  corresponding  extinction  spectrum.  As  already 
noted,  we  were  unable  to  extend  the  Raman  measurements  to  the  400  nm  wavelength  region 
where  the  major  extinction  peak  occurs. 

These  results  in  themselves  create  no  dilemma  in  the  cases  of  Curves  3  and  4  in 
which  the  pronounced  shoulder  and  secondary  maximum  indicate  a  significant  number  of 
aggregates,  perhaps  sufficient  to  give  rise  to  the  corresponding  Raman  enhancements. 
Linear  aggregates  would  be  expected  to  display  a  similar  red  shift  in  both  extinction 
and  SERS. 

However,  the  problem  which  appeared  to  present  itself  was  that  the  absence  of  a 
pronounced  shoulder  at  500  nm  in  extinction  curves  1  and  2  did  not  seem  consistent  with 
the  measured  SERS  excitation  profile.  We  surmised,  based  on  these  extinctions,  that 
there  could  hardly  have  been  a  sufficient  number  of  aggregates  to  give  the  large  ('v,10J> 
corresponding  enhancements.  That  surmise  appears  to  have  been  erroneous  as  calcula¬ 
tions,  which  we  now  present, indicate. 

These  calculations  utili2e  the  formalism  for  SERS  by  spheroids  described  earlier 
and  a  standard  calculation  of  the  extinction  cross  section.  Xixtures  of  three  classes 
of  silver  particles  dispersed  in  aqueous  medium  have  been  assumed «  (1)  5  nm  radius 

spheres,  (2)  2  to  1  axial  ratio  prolate  spheroids  having  double  the  volume  of  the 
spheres  and  3  to  1  axial  rate  prolate  spheroids  having  triple  the  volume.  The  Raman 
shift  was  taken  to  be  1400  cm*1.  These  spheroids  were  presumed  to  simulate  singlets, 
doublets  and  triplets  (linearly  aggregated) .  The  computed  extinction  and  SERS  excita¬ 
tion  spectra  are  shown  in  Figs.  2  and  3  for  four  mixtures  shown  in  Table  1.  The 
results  suggest  that  the  measured  SERS  excitation  spectra  and  extinction  spectra  are 
consistent  with  each  other  and  with  the  theoretical  model. 

Consider  in  any  real  system,  that  there  will  be  a  distribution  of  singlet  parti¬ 
cle  sizes  which  upon  coagulation  would  give  rise  to  a  still  more  complicated  distribu¬ 
tion  of  doublets  and  triplets,  that  the  coagulation  kinetics  for  such  solid  particles 
in  an  electrolyte  media  is  not  well  understood,  that  the  orientation  distribution  of 
the  multiplet  particles  must  be  considered  and  that  the  spheroid  configuration  is  only 
an  approximation  to  the  coagula.  Thus  it  seems  reasonable  that  the  trimodel  curves 
shown  in  Figs.  2  and  3  can  only  be  considered  approximations  more  smoothed  relations 
for  real  systems.  Yet  these  curves  offer  insights. 


For  the  curves  B,  C  and  0  shown  in  Fig.  2  the  ratios  of  major  peaks  to  the  first 
secondary  peek  ere  45,  14  end  4.3  bracks tting  the  corresponding  ratios  at  these  wave- 
lengths  of  17  end  12  for  the  experimental  curves  1  and  ?  in  Fig.  1.  within  the  crude¬ 
ness  of  this  model,  as  has  just  been  noted,  these  experimental  extinction  curves  are 
reasonably  consistent  with  a  very  smell  number  of  aggregates,  comparable  to  row  C  in 
Table  1,  e.g.  5%  doublets  end  0.51  triplets.  Yet  such  a  small  fraction  of  aggregates 
still  gives  rise  to  enhancements  in  the  range  105  to  10*  shown  in  curve  C  of  Fig.  3. 

And  these  are  the  values  that  have  been  observed  experimentally,  indeed,  so  effective 
are  such  aggregates  in  prom .ting  SERB  that  even  with  only  0.5%  doublets  and  0.02% 
triplets,  calculated  enhancements  greater  than  10*  are  obtained  (see  curve  A  of  Fig. 

3)  . 

The  conclusion  from  this  calculation  is  clear.  Strong  red-shifted  SERB  signals 
may  occur  in  the  presence  of  a  very  small  fraction  of  aggregates  even  when  this  number 
of  aggregates  is  insufficient  t i  give  a  significant  shoulder  on  the  extinction  spectrum 
at  the  corresponding  wavelength. 
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TABLE  I 


CURVE 

A 

B 

C 

D 
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FRACTIONAL  COMPOSITION  FOR  SYSTEMS 
SHOWN  IN  FIGS.  2  AND  3 


SINGLETS 

0.989 

0.942 

0.882 

0.755 


DOUBLETS 

0.005 

0.026 

0.051 

0.101 


TRIPLETS 

0.0002 

0.0021 

0.0054 

0.0144 


EXTINCTION /VOLUME 


FIGURE  2.  Computed  extinction  spectra  per  unit 
volume  of  Ag  in  water  for  mixtures  in  Table  I 
(arbitrary  units) . 


FIGURE  3.  Computed  SERB  excitation  spectra  of  Ag 
in  water  for  mixtures  in  Table  I  and  for  1400  cm"1 
Raman  shift  (arbitrary  unite) . 
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ABSTRACT 

This  paper  concerns  the  extension  of  a  theory  of  particulate  scattering  to  the  difficult  case  of 
aggregated  aerosols.  Photoacoustic  measurements  of  absorption  and  scattering  In  the  Infrared  ana 
visible  spectral  regions  have  been  made  for  S10,  and  C  smokes  to  test  the  validity  of  the  theory.  This 
work  was  presented  as: 

J.  R.  Aronson,  A.  G.  Emslle,  1.  Simon  and  E.  H.  Smith, 

"Scattering  and  Absorption  by  Aggregated  Aerosol  Particles," 

1984  CRDC  Conference  on  Obscuration  and  Aerosol  Research,  June  1984. 

This  Is  a  progress  report.  Further  measurements  and  refinements  are  continuing. 

I.  INTRODUCTION 

The  problem  of  scattering  and  absorption  by  particles  Is  presently  well  understood  in  terms  of  Hie 

1  2 

theory  for  spheres  and  similarly  for  cylinders  and  spheroids  .  There  Is  presently  considerable  work 

3 

going  on  utilizing  more  approximate  methods  for  Irregularly  shaped  particles  .  Roessler  and  Faxvog 

4  S 

have  Investigated  the  absorption  and  scattering  of  carbon  smokes  *  and  found  that  the  Mle  theory 
could  adequately  explain  scattering  and  absorption  by  smoke  particles  (which  are  believed  to  be 
largely  chained  aggregates)  by  treating  them  as  spheres  If  one  worked  only  at  visible  wavelengths. 
However,  attempts  at  treating  infrared  measurements  by  the  same  method  failed. 

Me  concluded  that  a  viable  approach  to  the  problem  of  scattering  by  aggregated  aerosols  might  be  made 
by  treating  the  aggregate  as  an  individual  particle  having  effective-medium  optical  constants^ 
established  by  the  optical  constants  of  the  material  and  Its  volume  fraction  within  the  aggregate. 

A  similar  approach  had  been  previously  used  by  us  for  fine  particle  soils  with  some  success7.  He  then 
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He-Ne  and  COg  laser  sources  operating  In  the  visible,  near- Infrared  and  ml d» Infrared  spectral 
regions.  The  reason  for  the  choice  of  the  photoacoustic  method  was  principally  that  It  permits  one  to 
obtain  a  scattering  coefficient  without  the  use  of  an  Integrating  sphere,  as  would  be  necessary  with 
standard  Infrared  methods. 

II.  THEORETICAL  APPROACH 

8  9 

Our  previous  theoretical  treatment  has  been  described  In  the  literature  quite  fully  *  .  We  needed  to 
modify  our  theory  In  several  minor  ways,  however.  As  most  of  the  particles  are  small  compared  to  the 
wavelengths  In  question  (Infrared)  we  only  modified  our  fine  particle  theory,  which  for  globular 
aggregates  consists  of  a  Raleigh  scattering  calculation  using  the  effective  optical  constants  of  the 
medium.  For  fibers  we  used  our  treatment  described  previously^®  If  the  length  of  the  fiber  was  not 

Q  A 

small  compared  to  the  wavelength  and  our  usual  treatment0*  If  all  dimensions  of  the  fl ber were  small . 
As  we  rarely  have  fibers  larger  than  the  wavelength  we  only  needed  to  Implement  this  portion  of  the 
computer  program  for  those  fibers  which  fell  within  the  region  to  be  bridged  by  the  two  theories.  As 
shown  In  our  previous  work,  bridging  Is  useful  In  the  Intermediate  region;  therefore,  a  bridging 
formula  such  as  the  one  previously  used^  was  also  Implemented. 

III.  GENERATION  OF  AEROSOLS  AND  ESTIMATION  OF  THEIR  PARAMETERS 

The  two  types  of  aerosols  we  studied  In  this  work  were  acetylene-flame  smoke  and  pyrolytlc-slllca 
smoke.  Both  consist  of  email  primary,  nearly  spherical  particles  of  the  pure  substance  (carbon, 
silicon  dioxide)  coagulated  Into  larger  aggregates  of  various  configurations. 

A.  Acetylene  Smoke  Generator 

The  apparatus  used  to  generate  the  carbon  aerosol  Is  similar  to  that  described  by  Roessler^.  Acetylene 
is  mixed  with  air  In  a  closely  controlled  proportion  In  a  burner  with  a  1.0  mm  dla.  orifice  mounted 
In  a  vertical  chamber  of  *15  cm  diameter  and*  90  cm  height.  The  laminar  flame  Is  approximately  15  to 
20  cm  high  and  under  proper  conditions  ( around  *  0 . 5  alr-to-gas  ratio  by  volume)  produces  dense  carbon 
aerosol  throughout  the  chamber.  Some  of  It  Is  lead  from  the  chamber  Ir.to  the  photoacoustic  cell  and 
to  the  sampling  filter  (Nucleopore,  0.1  pm  pore  size)  for  subsequent  electron  microscope  examination. 
The  aerosol  could  be  diluted,  If  necessary,  by  air  added  to  the  stream. 


B.  Silica  Smoke  Generator 


The  apparatus  used  to  generate  silica  aerosol  Is  similar  to  that  described  by  Kanapllly  .  Tetraethoxy- 
sllane  is  carried  by  nitrogen  gas  from  a  glass  bubbler,  mixed  with  humidified  air,  and  reacted  in  a  quartz 
tube  at  670°C.  A  dry-ice  trap  removes  condensable  reaction  products.  The  aerosol  could  be  diluted  with 
air  and  a  downstream  pump  causes  the  aerosol  to  flow  to  the  photoacoustlcal  cell  at  a  constant  rate  of 
about  1  I /min. 

C.  Smoke  Parameter  Estimation 

In  order  to  carry  out  our  theoretical  simulations  It  Is  necessary  to  obtain  estimates  of  the  aggreg  vt 
dimensions  and  porosity,  and  number  of  aggregates  per  unit  volume  In  the  sample  space.  The  former  are 
accomplished  by  electron  microscopy  and  tK*  .  tter  by  weighing  collected  samples  on  Nucleopore  filters. 

The  latter  required  about  15  to  20  minutes  ac  a  flow  rate  of  1  i/mln.  An  opacity  monitor  measuring  the 
optical  density  of  the  smoke  (In  visible  light)  was  used  to  monitor  the  rate  of  carbon  aerosol  generation. 
Having  calibrated  the  opacity  vs.  the  gravimetric  mass  concentration,  we  were  able  to  use  the  former  In 
the  later  runs  for  estimating  the  mass  concentration  without  having  to  collect  samples  for  long  time 
intervals. 

We  categorize  the  particles  as  spheres,  ellipsoids  and  cylinders  and  measure  appropriate  dimensions  for 
each.  In  order  to  estimate  the  porosity  of  the  soot  particles,  «.  *  amine  the  TEM  grids  from  the  filter 
at  magnifications  of  40  to  120,000.  Areas  of  photographs  of  thes.’  are  then  selected  where  we  can  estimate 
a  volume,  count  the  number  of  subparticles  In  It,  and  thence  calculate  the  porosity.  For  silica  smokes 
we  used  the  SEH  photographs  at  5000  magnification  both  to  determine  the  dimensions  of  the  particles  and 
the  dimensions  of  Individual  spheres  that  make  up  the  filamentary  particles.  V.-  latermlned  that  for  this 
we  needed  to  make  the  measurements  using  stereo  pairs  of  photographs  since  the  filaments  tend  to  project 
at  various  angles  from  the  filter  surface. 

13 

As  a  consequence. of  the  well  known  uncertainty  of  optical  constants  for  soot  we  chose  to  make  our  experi¬ 
ments  with  an  acetylene- based  smoke  known  to  be  principally  pure  carbon,  and  to  use  the  dispersion  theory 

14 

formulation  of  Lee  and  Tien  as  the  best  values  we  could  obtain.  Clearly,  any  errors  which  result  from 
having  inappropriate  optical  constants  will  be  difficult  to  track  down.  For  silica  smokes  the  problem 
Is  less  severe,  but  It  does  occur,  and  we  chose  to  try  values  obtained  by  Zolotarev16  and  those  obtained 
by  Huffman16.  Somewhat  better  simulations  were  obtained  using  the  latter,  principally  at  10.6  \f\. 
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IV.  PHOTOACOUSTIC  MEASUREMENTS 


The  photoacoustic  method  Is  particularly  suited  for  the  determination  of  absorption  and  scattering 
because  the  photoacoustic  effect  arises  only  from  the  radiation  absorbed  by  the  aerosol  particles 
and  converted  to  heat;  the  radiation  scattered  by  the  particle  does  not  contribute  to  the  acoustic 
signal.  This  circumstance  makes  It  possible  to  separate  the  two  components  making  up  the  extinc¬ 
tion  of  the  radiation  propagating  through  the  aerosol. 

The  photoacoustic  effect^  Is  a  thermal  phenomenon  In  which  periodic  heating  of  a  gas  manifests 

Itself  by  corresponding  periodic  pressure  variations  detectable  by  a  microphone  coupled  to  the 

absorption  cell.  In  an  aerosol  we  assume  that  the  heat  Is  generated  by  absorption  of  the  radiation 

In  the  particles  only,  but  Is  transferred  rapidly  to  the  gas,  which  In  Itself  is  perfectly 

transparent.  The  condition  for  rapid  heat  transfer  between  the  particles  and  the  gas  Is  that  the 

time  constant  t for  the  heat  transfer  be  shorter  than  the  period  t  of  the  acoustic  frequency  used 

0 

]  O 

In  the  experiment.  For  spherical  particles  the  heat-transfer  time  constant  was  obtained  by  Chan 
as 

T  =  a2cpV3  v  m 

where  a  Is  the  radius  of  the  particle,  Cp  Is  Its  specific  heat,op  Its  density  and  Ka  Is  the 

thermal  conductivity  of  the  air.  For  carbon  particles  of  radius  1  pm  In  air  we  find 
-5 

r  « Z  x  10  sec  while  the  acoustic  period  at  our  operating  frequency  (150  Hz)  Is 

-3 

t4  =6.7  10  sec.  Thus  the  condition  for  rapid  heat  transfer  Is  satisfied  and  the  determination 
of  the  absorption  from  the  corresponding  photoacoustic  signal  is  undoubtedly  valid. 

The  determination  of  scattering  Is  somewhat  less  certain,  depending  on  the  assumptions  made  about 
the  scattering  parameters  of  the  particles  constituting  the  aerosol.  Basically,  It  Is  necessary 
to  determine  the  total  extinction  e  and  then  obtain  the  scattering  by  subtracting  the  absorption 
from  It 

S  -  e  -o.  (?) 

If  we  assume  Isotropic  scattering  we  may  determine  e  either  by  measuring  the  optical  extinction 
of  a  collimated  beam  of  radiation  passing  through  the  photoacoustic  cell  of  length  L  (single 
path  method) 

C1  "  f  In  (3) 

or  by  passing  the  beam  through  the  cell  twice  (forward  and  back  again)  and  measuring  the  two 
acoustic  signals  and  S2 
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(4) 


where  t Is  the  transmittance  of  the  cell  windows  and  r  Is  the  reflectance  of  the  retroreflectlng  mirror 
(double  pass  method). 

The  experimental  apparatus  used  In  our  measurements  can  be  described  following  the  diagram  In 
Figure  1.  The  photoacoustic  cell  Is  a  copper  tube  1.10  cm  1.0.,  51.7  cm  long,  provided  with  barium 
fluoride  windows  (W)  Inclined  at  the  Brewster  angle.  The  tube  Is  blackened  Inside  to  minimize  the 
reflection  of  scattered  radiation.  The  valves  on  the  cell  provide  for  filling  It  with  the  aerosol 
and  for  subsequent  flushing  with  dry  nitrogen.  They  are  closed  during  the  measurement  In  order  to 
minimize  the  acoustic  noise.  The  microphone  M  picks  up  the  acoustic  pressure  variations  and  delivers 
the  signal,  via  preamplifier  PA  to  the  lock-in  amplifier  LA  where  it  is  filtered  and  synchronously 
demodulated.  The  phase  reference  is  derived  from  the  optical  chopper  which  modulates  the  laser  beam 
at  150  Hz.  The  photoacoustic  cell  is  operated  well  below  its  fundamental  resonance  frequency 
(  ^320  Hz). 

Two  lasers  can  be  used  alternatively;  a  Jodon  He-Ne  laser  for  operation  at  three  wavelengths: 

0.633,  1.15  and  3.39  im,  and  a  Laakman  C02  laser,  at  about  28  wavelengths  between  9.?1  -'d 
10.63  un.  The  waveguide  type,  rf-exclfced  C02  laser  Is  grating  tunable  and  has  a  beam  •  output 
up  to*  2  watt  (cw).  It  Is  stabilized  by  a  cavity  servo  control  system  which  make*-  ' .  le  to  lock 
In  on  any  selected  line  In  the  9  to  1 1  >m  vibrational-rotational  bands  of  ♦  .*  spectrum. 

The  He-Ne  laser  Is  of  the  dc-plasma  discharge  type  and  produces  the  visible  r.  adlatlon  at 
0.633  urn  with  a  *20  mW  (cw)  power  output.  With  other  sets  of  cavity  mirrors  optimized  for  the 
Infrared  emissions  It  delivers  *6  mW  at  1.15  urn  and  ^  mM  at  3.39  Un. 

The  CO^  laser  beam  has  an  angular  divergence  of  3  to  5  mllllrad  (the  He-Ne  Is  much  less)  and  Is 
sufficiently  narrow  to  pass  through  the  cell  without  grazing  the  walls.  However,  for  the  double-pass 
operation,  It  Is  necessary  to  narrow  down  the  beam  which  Is  accomplished  by  use  of  a  long  focal  length 
concave  mirror  M2.  A  spurious  acoustic  signal  generated  by  the  laser  beam  passing  through  the  cell 
windows  was  occasionally  troublesome,  in  particular,  when  the  signal  from  the  aerosol  was  very  weak. 
Therefore,  we  subtracted  the  "empty  cell"  signal  from  that  received  from  the  aerosol. 

The  laser  beam  power  Is  measured  by  a  theromoplle  power  meter  P,  normally  placed  behind  the  cell, 
as  shown  In  Figure  1.  For  the  double-pass  measurement  the  power  meter  Is  removed  from  the  beam  path. 
The  photoacoustic  responslvlty  of  the  cell  Is  determined  by  filling  It  with  an  IR  absorbing  gas 
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SCHEMATIC  DIAGRAM  OF  THE  PHOTOACOUSTIC  APPARATUS 


(ethylene-nitrogen  mixture)  and  measuring  the  acoustic  signal  corresponding  to  a  given  beam  power. 

The  responslvlty  was,  typically  MOO  mV/W. 

In  the  course  of  this  work  we  routinely  used  both  the  single  and  double  pass  methods  for  the  determin¬ 
ation  of  absorption  and  scattering  coefficients.  However,  the  data  presented  here  were  obtained  by 
the  conventional  single  pass  method  since  we  found  the  double  pass  method  to  be  more  susceptible  to 
experimental  errors  associated  with  the  reverse  beam  operation. 

V.  RESULTS 

Tables  1  and  2  give  a  summary  of  our  experimental  results  together  with  the  measured  parameters  and 
theoretical  simulations.  Simulations  have  been  made  for  those  cases  (Infrared)  In  which  the  theory 
Is  believed  to  be  applicable.  Ue  did  not  attempt  to  model  ellipsoids  large  compared  to  the  wavelength 
as  our  objective  was  to  deal  with  infrared  measurements  of  aerosols,  and  such  large  particles  are 
unlikely  to  remain  airborne.  The  mixtures  of  shapes  that  were  found  In  our  experiments  were  modeled 
by  calculating  Individual  absorption  coefficients  and  scattering  coefficients  (K's  and  S's)  and  adding 
them  to  get  the  K‘s  and  S's  for  the  mixture.  The  ratios  (K/S.  are  useful  In  that  errors  In  estimation 
of  the  number  of  particles  cancel  out. 

The  results  obtained  with  carbon  aerosols  (acetylene  smoke)  are  presented  In  Table  1.  At  the  10.5  vm 
wavelength  the  theoretical  values  of  the  absorption  coefficient  K  are  reasonably  close  to  the  measured 
values  and  their  mean  value  is  also  close  to  that  obtained  from  the  data  of  Roessler  and  Faxvog4  at 
10.6  urn.  The  calculated  values  of  the  scattering  coefficients  appear  to  be  systematically  smaller  than 
the  experimental  values,  but  the  latter  seem  to  be  very  close  to  those  obtained  from  Ref.  4.  The 
experimental  K/S  ratios  are  seen  to  be  always  smaller  (^E  to  3  times)  than  the  theoretical  ones.  At 
the  3.39  vm  wavelength  the  only  case  theoretically  modeled  Is  In  good  agreement  with  the  experiment. 
The  results  of  measurements  In  the  visible  at  (0.633  um)  are  shown  only  for  general  Interest  and  for 
comparison  with  literature  values.  No  comparison  was  made  with  the  theory  as  that  was  deemed 
unwarranted.  (*<D). 

We  are  uncertain  as  to  the  principal  causes  of  the  disagreement  between  the  theory  and  the  experiment, 
but  we  note  that  the  poorest  known  parameter  Is  the  porosity  of  the  aggregate  as  this  Is  very 
difficult  to  estimate  from  the  TEH  and  SEH  photographs.  Figure  2  shows  that  this  parameter  can  have  a 
very  significant  effect.  For  the  given  specific  case  K/S  can  be  either  greater  or  less  than  unity 
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FIGURE  2.  EFFECTS  OF  AGGREGATE  POROSITY 


depending  on  whether  the  porosity  of  the  aggregate  Is  estimated  to  be  greater  or  less  than  -v.0.3.  While 
our  work  and  most  of  the  literature  shows  K>  S  It  should  be  noted  that  Dugin,  et  al19  found  the 
reverse  for  carbon  smoke. 

Table  2  summarizes  the  results  obtained  with  the  silica  aerosols.  The  measurements  In  the  Infrared 
were  made  at  9.3  and  10.5  urn  and  In  both  Instances  the  agreement  with  the  theory  Is  reasonably  close 
only  for  the  K/S  ratio.  The  absolute  values  of  K  and  S  seem  to  be  greatly  underestimated  by  the 
calculation  as  compared  with  the  experiment  (possibly  with  the  exception  of  the  case  at  X =  9.3  um). 

In  the  visible  (  X=  0.633  pm)  the  theoretical  values  of  both  K  and  K/S  are  smaller  than  the  experi¬ 
mental  ones,  contrary  to  all  other  cases.  It  Is  to  be  noted  that  In  this  case  we  find  (K/S)  «1  both 
by  the  theory  and  the  experiment  In  agreement  with  expectation. 
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IN  DISCRETE  RANDOM  MEDIA  USING  MULTIPLE  SCATTERING  THEORY 
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ABSTRACT 

This  paper  is  concerned  with  a  propagator  model  for  multiple  scattering  and  wave  propagation  in 
discrete  random  media.  The  coherent  and  Incoherent  intensity  of  a  time  harmonic  electromagnetic  field 
in  such  a  medium  are  calculated  and  compared  with  available  experimental  results  showing  good  agreement. 
This  v  rk  has  been  published  and  submitted  for  publication  as  follows: 

V.V.  Varadan  and  V.K.  Varadan, "The  Quasi-Crystalline  Approximation  and  Multiple  Scattering  of  Haves 
In  Random  Media",  IEEE  Trans.  A  and  P.,  submitted  for  publication. 

V.K.  Varadan  and  V.V.  Varadan,  "A  Propagator  Model  for  Multiple  Scattering  and  Have  Propagation  in 
Discrete  Random  Media",  Radio  Science,  submitted  for  publication. 

V.K.  Varadan,  T.  Ka  and  V.V.  Varadan,  "Coherent  Electromagnetic  Wave  Propagation  Through  Randomly 
Distributed  and  Oriented  Pair-correlated  Scatterera",  Radio  Science,  in  press. 

V.*'  ’.'aradan,  Y.  Ma  and  V.K.  Varadan,  "Frequency  Dependence  of  the  Attenuation  of  Electromagnetic 
i  .n  Media  with  Anisotropy  Induced  by  Microstructure",  IEEE  Trans.  A  and  P.,  submitted. 

INTRODUCTION 

We  consider  the  propagation  of  plane  coherent  electromagnetic  waves  in  an  infinite  medium  containing 
identical,  loas-lesa,  randomly  distributed  particles.  Our  aim  here  Is  to  characterize  the  random  medium 
by  an  effective  complex  wave  number  K  (which  would  be  a  function  of  particle  concentration,  the  electri¬ 
cal  size,  and  the  statistical  description  of  the  random  positions  of  the  scattered) ,  and  to  study  both 
coherent  and  Incoherent  Intensities  aa  a  function  of  frequency  for  various  values  of  concentration  c 
(the  fractional  volume  occupied  by  the  acatterers).  Although  the  formulation  is  generally  valid  for  non- 
spherical,  aligned  or  randomly  oriented  scatterers,  initial  calculations  are  confined  to  spherical 
8catterera  which  generally  gives  >.  .  better  picture  of  the  order  of  magnitude  of  the  different  contri¬ 

butions  to  the  intensity  without  the  additional  complications  of  non-spherlcal  geometry  and  orientation. 

1-2 

Extensive  work  by  Twersky  has  laid  the  foundation  for  multiple  scattering  theory  in  discrete 

random  media.  A  related  approach  using  the  T-matrix  of  a  single  scatterer  together  with  configurational 

averaging  procedures,  has  been  used  by  the  authors  to  develop  a  computational  method  for  electromagnetic 

3-4 

wave  propagation  problemsin  inhomogeneous  media  .  Lax's  quasi-crystalline  approximation  (QCA)  Is  used 

in  conjunction  with  suitable  models  for  the  pair-correlation  function  to  obtain  an  effective  wave  number 

Kt^K^+iKj)  whi-h  Is  complex  and  frequency  dependent.  The  real  part  is  related  to  the  phase  velocity 

while  the  imaginary  part  Kn  Is  related  to  coherent  attenuation.  In  this  paper,  we  present  a  propagator 

3-4 

model  which  la  shown  to  present  the  same  dispersion  equation  as  the  one  obtained  in  our  previous  papers 
In  addition,  this  model  enables  us  to  compute  both  coherent  and  incoherent  intensities  for  more  realistic 
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geometries  without  such  difficulty 


FORMULATION 

Con*  id  a  r  vav*  propagation  In  an  Inflnlta  sadlus  of  voluaa  V  -*■  ®  containing  a  randon  distribution 
of  N  acattarara,  N  •*  »,  aueh  that  nQ  *  N/V,  the  nuabar  density  of  acattarars.la  finite.  Flan*  harsonlc 
wave*  of  frequency  u  propagate  In  the  nedlua  and  undergo  sultlple  acatterlng.  Let  i,  1°,  B^,  and 
2^  denote  reapactlvely  the  total  field)  the  incident  field,  the  field  exciting  the  1-th  aeatterev*  and 
the  field  acattered  by  the  1-th  acatterer.  Then  self  consistency  requires  th  following  relationships 


between  the  fields 


3,4 


I  •  i°  +  ?  if 
1-1  1 


(i) 


and 


*!• 


M 

+ 1  if 
in  i 


The  configurational  average  of  the  total  field  results  in 


(2) 


(3) 


<B(r)>  -  B°(r)  +  E  T  ,  Ou  i|/  (r-r  )  a*  p(r  )  dr 
j  nn  n  1  n  1  1 

+  [  5'  Tnn'  Vm"*0"  Vn"<V  al"  p(*i>  p(?3  l?i>  d?3  d?i  +  “• 

In  Eq.  (3),  T  ,,  is  the  T-matrlx  of  an  isolated  acatterer,  a1  are  the  knovn  coefficients  of 
nn  n 

expansion  of  the  Incident  field  at  the  site  of  the  i-th  acatterer,  a  , (r  )  la  the  translation  matrix 

nn  y 

for  vector  spherical  functions  and  describes  the  propagation  of  vaves  fro®  r^  to  r^ .  The  functions 
p(tj),  p(r^|r^)...  etc.  are  the  single  particle,  two  particle  conditional  probabilities  distribution 
functions.  We  have  ehown^  that  Invoking  the  QCA  Implies  that  the  coherent  field  and  the  resulting 
dispersion  equation  were  limited  to  terms  of  the  form 


<E> 


QCA 


A 


■sT"l_ 


(4) 


where  denotes  positional  correlation  between  two  scatcerers.  It  is  clear  from  the  diagrams 

that  each  acatterer  participates  only  once  In  a  given  term;  there  is  no  back  and  forth  scattering, 
all  acatterlng  is  sequential, and  only  sequential  positional  correlations  are  allowed. 

Introducing  spatial  Fourier  transforms  of  the  translation  matrix  a  and  the  radial  distribution 
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functions  g  (glvan  by  p(r^|r^)  -  ^  g  (r^))  which  are  denoted  by  o  (K)  end  g  (K) ,  respectively,  and 
using  the  convolution  theorem,  we  obtain 


<E(r) >  -  E°(r)  +  Ou  ip  (r-r . )  T  ,  n^  ftl-n  og  (K)  T]'1 
n  1  nn  o  j  o 


1K  "  ^rl-r2^  (2)  -*•  -* 

e  x  a  ./  dK  dr  dr, 

n  i  c 


(5) 


This  new  fora  of  the  average  field  can  be  Interpreted  as  an  Incident  plane  wave  propagating  through 
an  effective  medlua  of  propagation  constant  K  and  propagator  [l-nQ  og  (K)T]  *  undergoing  scattering 
from  a  particle  at  r^  and  then  propagating  to  the  observation  point  r  with  the  wave  number  of  the  host 
medlua.  The  dispersion  equation  In  the  model  medium  can  be  obtained  by  setting  the  determinant  of  the 
propagator  equal  to  zero: 


|  l-nQ  og(K)  T  |  *•  0  (6) 

This  equation  la’ Identical  to  the  one  obtained  by  us  earlier  using  the  self-consistent  multiple 
scattering  approach,  see  Ref.  6. 

The  field  fluctuations  A?  may  now  be  given  by 

AE  -  E  -  <t>  (7) 

and  can  be  represented  as  a  multiple  scattering  series  which  may  be  represented  by  the  following  diagrams 


where  -  denotes  propagation  of  the  field  from  one  point  to  the  other  and  0  denotes  s  scatterer. 

If  two  or  more  scatterers  are  enclosed  In  an  area, such  as  -^-o—  c  -  -O-j- .arbitrary  multiple  scattering 

any  number  of  times  and  In  any  order  can  go  on  between  scatterers  1,  2  and  3. 

Along  these  lines,  we  define  the  incoherent  Intensity  or  the  Bpectral  density  G  (R,io)  at  position 

& 

R,  for  field  polarization  in  the  direction  61: 


Ga(R,w) 


*  + 


a  I 


(8) 


X 


+  •  •  • 


The  first  set  of  the  above  diagrams  represents  a  partial  summation  of  QCA  type  terns  Incorporating  tvo 
body  correlatlone  while  the  second  set  represents  the  conventional  ladder  diagrams.  In  both  sets  of 
diagrams,  we  can  use  so  called  "dressed  propagators"  obtained  from  Eq.  (6)  between  scatterers  Instead 
of  "bare  propagators".  This  means  that  K  from  (6)  can  be  used  as  the  wave  number  cherecter icing  the 
medium  betveen  scatterers  Involved  in  calculation  of  the  spectral  density,  l.e.,  the  other  scatterers 
that  participate  In  only  one  or  other  of  the  field  lines  are  averaged  over  separately  and  replaced  by  K. 

NUMERICAL  RESULTS 

The  numerical  procedure  is  described  In  detail  In  Refs.  3-4,  and  will  not  be  repeated  here.  The 

effective  wave  number  K^Kj+Kj)  Is  computed  for  Revacryl  spheres  In  distilled  water  for  a  range  of 

frequencies  and  concentrations  of  scatterers.  The  real  part  K^  Is  related  to  the  phase  velocity  while 

the  imaginary  part  is  related  to  coherent  attenuation.  We  have  also  calculated  the  coherent  and 

incoherent  intensity  for  electromagnetic  wave  propagation  through  ice  particles  (e  ■  3.168)  in  free 

r 

space  using  the  first  term  of  the  two  series  of  diagrams  given  in  Eq.  (8). 

In  Figs.  1  and  2,  the  real  and  imaginary  parts  of  the  wave  number  are  compared  with  the 
experimental  measurements  of  Killey  and  Meeten^.  In  Fig.  3,  calculations  of  the  coherent  intensity 
for  a  suspension  of  Revacryl  spheres  in  distilled  water  show  excellent  comparison  with  measurement* 
of  Killey  and  Meeten*’. 

In  Fig.  4,  the  incoherent  intensity  is  plotted  as  a  function  of  ka  for  c  »  0.0524  and  for  various 
angles  0.  It  is  interesting  to  note  that  as  ka  increases,  the  leading  term  of  the  incoherent  intensity 
approaches  a  constant  value  for  all  values  of  0.  Figure  5  displays  the  incoherent  intensity  as  a 
function  of  the  observation  angle  0,  and  the  intensity  reduces  to  zero  at  0  -  90*  as  expected. 
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Figure  1.  Phase  velocity  vs.  conca.i -.i^tlon  c  for  X  -  546 
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Figure  3.  Coherent  Intensity  as  a  function  of  depth  Z  for  various  values 
of  concentration  c  and  for  X  •  546  nffl. 


Figure  4a.  Normalized  incoherent  intensity  vs.  ka  for  c  ■  0.0524  and 
for  various  angles  6. 
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RADIATIVE  TRANSFER  BY  CLOUDS  OR  COIDUCTIVR  FIBERS 
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Borman  R.  Faderaan 
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221  Craacaat  Straat 
Waltham,  MA  02254 

ABSTRACT 

Thia  paper  ia  concerned  with  radiative  trr.nefer  computationa  lor  a  cloud  of 
randomly  oriented  conductive  fibera.  Thia  and  related  work  haa  been  preeented,  pub- 
liehed,  and  anbaiitted  for  publication  aa  lollova: 

Peter  C.  Waterman,  "Matrix-exponential  Deacription  of  Radiative  Tranafer,"  J.  Opt. 
Soc.  Am.  Zl'  410-422  (1981). 

Fetor  C.  Waterman,  Jeanne  C.  Faderaan  and  Borman  E.  Federaen,  "Computation  of 
Radiative  Transfer,"  Proceeding*  of  the  1983  C8L  Conference  on  Obacnration  and  Aoroaol 
Re.  ''arch,  aubmitted  September  )  983 . 

Peter  C.  Waterman,  Jeanne  C.  Pederaen  and  Borman  E.  Federaen,  "Radiative  Tranafer 
by  Clonda  of  Conductive  Fibera,"  1984  CROC  Conference  on  Obacuration  and  Aaroaol 
Reaearcb,  June  1984. 

Borman  R.  Pederaen,  Jeanne  C.  Federaen  and  Peter  C.  Waterman,  "Final  Report  on 
Theoretical  Study  of  Single  and  Multiple  Scattering  by  Cylinder*,"  Panaaetrica,  Inc,- 
1  September,  1984). 

Alth  ougb  lone  farther  development  ia  planned,  the  enunciated  computer  program*  are 
now  developed  tc  the  point  where  specific  application*  involving  fiber  cloud*  can  be 
investigated. 


477 


For  the  pi  *  t  itmil  years,  udir  ooatraot  to  CROC,  Fuuittiei  hot  boon  engaged 
1b  b  progrtB  to  ooapate  tk»  •  loo  tr  obi  gne  t  io  loittulsj  til  absorption  behavior  of  (Ball 
lossy  ooidiotlvi  flbiri.  Bad  sabsaqaontly  to  eoapate  tbo  radiative  transfer  (RT). 
properties  of  a  oload  of  nob  flbtrt.  Tbo  prosoBt  roport  dotorlbos  roeoat  tboorotlool 
reaalta,  oad  shove  too*  typical  aaaerlcal  remit*  for  traasnitted  tad  rcflcotod  aagalar 


Intcailty  pattora*  aaaoolatcd  with  flbar  oloada. 

tceaat  rosalta  aaaoclatod  with  tka  single  flbar  scattering  problaa  ara  praaaatad 


elaewhore  la  thaaa  Proceedings.  A  aori  datallod  and  coaprabana Ira  daaorlptloa  of  both 
aspaota  of  tka  problaa  la  given  la  tba  final  report.* 

2.  Qtlaatatloa  Ayaraaaa 

Va  ara  iataroatad  la  tba  radiative  traaafar  propartlaa  of  a  oload  of  raadomly 
orlantad  flbara.  Thai,  tka  flrat  atop  la  tba  aaalyala  involves  orientation  averaging 
of  tka  alagle-flber  differential  aoattarlag  pattaraa.  If  p  (t,f)  la  a  anlt  vector 
along  the  fiber  axla,  with  apherleal  angles  a,p  relative  to  a  flaad  cartesian  coordinate 
eyatea.  for  a  linearly  polarised  lacldaat  wave  ala  along  tka  positive  a  direction  va 
kava  Ogiff  ”  «diff  (a.p.b.#),  and  tka  or leatatioa-averaged  differential  aoattarlag 
pattern  la  given  by 

f  2n  .  n 

°dlff  J  daJ  dB8*riB  odif£  (1) 

o  o 

Koto  tkat  strictly  speaking  It  la  alto  necessary  to  average  aver  tka  polarlaatloa 
aaglaa  of  tka  Incident  .  1  aaattarad  waves.  laaaaaa  va  are  only  lataxasted  la  aaalar 
Intensities,  however,  it  anffisee  to  akoosa  tka  iaaidaat  polarisation  la  tka  plana  of 
incidence  (plane  forced  by  the  fiber  and  tkc  direction  of  iaeideas*).  The  aaattarad 
intensity  le  tken  taken  vitkaat  regard  to  Its  polarisation.  It  la  aot  dlffiealt  te 
verify  tkat  tbit  simplification  does  aot  affect  the  angalar  depeadenee  of  the  reenlt. 


fiber  coordiaataa,  ,  ia  t*»i 


A  *  a 

of  the  aagle  <«i  (;  "  p-ktlt  («»«<  by  tka  fibar  aid  tbo  tkiamtiti  diraotioa  kont 
(©.#).  Tbo  eagle  Of  oai  bo  oiptonod  li  toroa  of  tbo  oriaatatioa  uploi  by  aotiag 


ooa  Of  “  ala  0  ala  0  ooa  (•-*)  ♦  ooo  0  eoa  0 


Vo  ooo  that  tbo  f-depoadoaoo  drop*  oat  darlap  tbo  iategratioa.  to  that  tbo  reaaltiag 
pittod,  l(.  (1),  la  rotatioaaliy  eywaetrio. 


Tbo  abort-fiber  Halt  kb  <<  1  (b  -  half-leagth  of  fiber)  ptoaidaa  a  aaofal  oheok 
oa  tbo  ooapatatlon.  la  tbla  Halt  we  earn  aaaaao  that  tbo  aalal  earroat  iadaoed  la  tbo 
fiber  lo  proportioaal  to  t£a*p  -  ala  0  aad  that  tbo  eorro apoadiag  acattorod  aaplltado 
la  give*  by  0|S*p  ala  Of,  to  that 

°diff  •  °o  (ein*p  sin  9f)  ‘  (3) 


abort  cc  la  tha  aazlaaa  eroaa  aootloa  obtalaod  at  broadaldo  iaoldoaoo  tad  obeervatloa. 
Pattlag  tbla  oaprotaloa  la  Bq.  (1),  tad  dividiag  by  a  factor  of  4  to  oorroot  for  aot 
averagiag  o»#i  iaoldoat  aad  rooolTtd  pol ar Isatloa,  gives  flatlly 


’dlff/oo  *  d/30)  (3  +  cos^O)  . 


Tbla  f  ♦  ooa3  0  aagalar  dopoadoaet  ooaititatea  a  at*  alaaaatary  aoattor or  for 
rediativo  traatfor,  whloh  might  bo  ealltd  tbo  Rayleigh  fiber.  Hoto  that  it  folia 
latornodiato  relative  to  tha  iaotropie  aad  Rayloigh  apbaro  (1  ♦  ooa3  O)  aaaoa. 


Naatriaal  aoapatatioaa  of  or iaatatioa-aToragad  aoattorlag  fro*  parfootly  aoadaotiag 
flbara  art  ahowa  ia  Fig.  1  for  several  velaee  of  kb  (for  olarity  aormalised  to  4  ia 
tbo  forward  diraotioa  m  "  ooa  9  •  1),  Tbo  apporaoat  sarvs  ia  tba  layloigk  fibor 
pattora  of  Bq.  (4),  aad  oaa  aotoa  that  tka  aamacieal  roaalta  eoaverge  aaootbly  to  tbit 


limit  for  kb  <<  1  (tbo  kb  -  0.1  earve,  aot  akoaa,  ia  iadi at lagai ahabl a ) . 


groator  thaa  amity  a  aigaifioaat  poak  ia  aaoa  to  develop  ia  tbo  forward  diraotioa, 
typloal  behavior  for  •oattorora  whoa  dimoaaioaa  art  aot  amall  ooaparod  to  wawoloagtb. 


It  1  •  itUttitiki  to  ooto  that  tbo  orientation-averago  boo  boot  coapated  by 
Boriaoa.  bat  lor  balf-ware  dipolea  (kb  -  t/J).1  Upon  nooragiag  bio  roaalta  oto*  iaoldoat 
oad  ro oo ivod  poloricatioao  oao  obtaiao  prooltoly  B«.  (4).  Tbit  data  not  agroo  with  tbo 
oaroo  of  Fig.  It  *o  bailor#  that  Boritoa'a  aotaaptlea  of  alaplo  oooiao  bebarlor  of  tbo 
aarfaoo  oarcoat  for  all  fibor  orioatatloao  it  ao  longer  odoqnato  at  kb  -  a/I. 


S.  Tko  Tbla-Ltror  Liait 

Wo  ooaoldor  tbo  alab  gooaotty  for  a  oload  of  randoaly  orioatod  fibora,  at  tbotra  la 
Fig.  I.  Tbo  oload  bao  optioal  doptb  a,  oad  oao  dotirot  to  ooapato  tbo  aagalar  iatoa- 
oitloo  troaaaittod  oad  rofloetod,  T(B)  aad  i(B) .  rotpoctlroly .  aa  tbova  ia  tbo  figaro. 
Vo  oaploy  tko  doabliag  aotbod.  with  a  foartb-ordor  ttartlag  fota.lt  baood  oa  tbo 
aatr ix-oxpoaontial  dotoriptloa.  oo  dotoribod  olaowhor#.^ 

A  oiaplo  obook  it  available  oa  aaaorioal  ooapatatloao  in  tbo  tbla-layor  Halt  x  << 
1.  At  ohova  la  Pig.  J.  tbo  traataittod  iatoaalty  par  atoradiaa  la  tbo  dlrootloa  p  - 
oot  •  a«ot  original#  ia  tbo  diffcroatial  ooao  of  flbora  ladleotod.  Bat,  la  tbo  tbia- 
tayor  liait.  tbo  ooatrlbatioa  froa  aa  oloaoat  of  tbo  ooao  will  bo  proportional  to 
albodo  a.  tko  pboto  /.notion  p(p).  and  oxpoaoatial  faotoro  aoooaatlag  for  attonaatioa 
of  radiatloa  oror  tbo  travel  path  vithin  tbo  tlab.  That,  altk  a'  “  x-pt. 


I(u) 


Kap(u) 


r  x/u 

i  ' 


ds  e 


-x 


-8 


U  I 


>  0 


(5) 


A  tlallat  agnation  oaa  bo  written  down  for  tbo  refloated  iatoaoity, 
tbo  iategrotioaa  give# 


*  (l-e‘(1'w)x/lJ)/(l-y ),  y>0 


(6) 


I(v)  •  Kap(u) 


M  -u 


<  0 


+!ux 


Lg.  3. 


Tkut  last  foraalaa  aca  given  by  van  da  lilit11  t«i  tba  iaotropio  oaaa  p(p)  “  It  olearly. 
from  out  derivation  tkijr  neat  aoatiaaa  to  bold  for  arbitrary  p(p). 

Iataaslty  pattarna  hart  boon  coapnted  naaerloally  for  aa  optloal  daptb  s  *>  0.1  aad 
tba  tbraa  alaaaatary  aeattarara,  iiottopie,  Kaylalgb  apbara  (dipole),  aad  Rayleigh 
fibar.  Kaaalta  are  ahown  by  tba  poiata  la  Fig.  4.  Tba  oorr a spending  aaalytiaal 
a.  proilna  t  Iona  of  Bq.  ( 6 )  are  given  by  tba  aolld  nerve*  la  tba  figera,  aad  aaaallaat 
agraaaant  la  aaaa  tbroagboat .  Iaoldeatally ,  van  da  Balat  give*  tba  tbaoratlaai  valaa 
Km  1/4  for  tba  proportloaallty  aoaataat  of  Bqt.  (f)  aad  (9).  fa  flad  that  aaab  better 
ratal ta  are  obtained  aalag  a  aoaaabat  larger  vela*  obtalaed  by  aatoblag  Bq.  («)  to  tba 
ooapatad  point  for  aoraal  refleetloa  for  traaaalaaloa  (g  ■  ♦,  1).  For  oxeapie.  for 
ieotrople  aeattarara  tba  two  ooapntatloaa  tbaa  agree  to  foar  algalfleaat  flgaraa, 
axaaptlag  only  tba  point  g  -  -.04742.  where  agreeaent  it  allgbtly  poorer. 

4.  Manat  leal  Karaite 

Bawlag  aada  tba  above  prellaiaary  ebaeka,  we  now  aarway  a  few  typlaal  raaalta 
obtained  aalag  the  fiber  aeatteriag  ooapater  prograa  la  oonjnnetion  with  tba  radiatiwa 
tranafer  program. 

la  Fig.  S  plota  ef  tba  treaealtted  aad  rtflaeted  iataaaltlea  are  giwea  for  aa 
optloal  daptb  of  walty,  where  the  tingle  eeatterer  la  1)  ieotrople.  2)  Bayleigb  apbara. 
3)  tba  Bayleigb  fibar  of  Bq.  (4),  aad  4)  the  abort  fiber  (paraaatere  at  noted  la  tba 
flgnre).  Note  that,  jaat  aa  waa  traa  for  the  pbaae  faaetioaa,  the  radiatiwa  traaefer 
intent i tie*  for  tba  Kaylalgb  fiber  fall  lateraedlate  batweaa  the  Ieotrople  aad  apbara 
eaaa.  It  la  aleo  interacting  that  the  Kaylalgb  fibar  aad  abort  dipole  <kb  -  0.9) 
raaalta  are  now  lad  1  a t iagnl abebl • .  awan  tboagb  their  pbaae  feaetieae  are  aaaaarably 
different  (tea  Fig.  1). 

Tba  abarp  peaba  aeon  la  the  treaaaitted  intensity  la  the  forward  dlreation  g  ■  1, 
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D«yii4ii*i  of  tke  KT  iitiultid  os  fiber  lasgtk  la  iadloated  Is  Fig.  6,  for 
(airly  highly  ooadaotiag  fibera.  Fro*  t  h  •  figsre  oso  oss  ata  tbst  both  tba  total 
trasaaittad  asd  total  reflected  Istaaalty  akoo  a  slid  peak  at  abost  kk  “  3,  altkosgk 
tka  rosaos  for  tkia  la  sot  olaar. 

For  flsad  flbar  lasgtk  kk  •  3,  dependence  of  tka  XT  istasaitlaa  os  optical  daptk  x 
la  akovs  is  Fig.  7.  Ac  osa  vosld  azpaot.  tka  raflaetad  pattarsa  isoraaaa  *000100100117 
vitk  s,  at  tka  aaoa  tisa  beeoviag  aora  searly  iaotropio.  Tka  trasasittad  pattarsa  akoo 
tka  aaaa  bakaoior  is  tko  dlffsaely  trasasittad  flsz  op  to  abost  r  •  1,  oltk  oorra aposdlsg 
radsotiosa  is  tka  ookatast  flss  (beeasae  of  trssoatios  tka  latter  affaot  la  sot  obvioaa 
fro*  tka  flgora).  With  fsrtkar  isoraaaaa  is  optical  daptk  tka  trasaaittad  fist  baglsa 
to  daoraaaa,  preasaably  booasao  aoattarlsg  asd  abaorptios  aaohaslaaa  sow  doainate. 

Finally,  Fig.  I  illaatrataa  tka  affect  of  varying  tka  fibar  ooadaot ivi tjr,  atla- 
taisisg  a  flsad  fibar  lasgtk  kk  »  1  asd  optical  daptk  1  ■  1.  both  raflaetad  asd 
trasaaittad  pattarsa  era  aaaa  to  isoraaaa  aosotoaloal ly  vitk  cosdae t ivi ty .  both  alio 
akovisg  aigsa  of  aataratios  for  tka  spparaoat  esrvet,  vklok  a.a  affectively  approaoklsg 
tka  parfaotly  oosdsotiug  Halt.  Again,  tka  easvea  behave  goal  i  ta  t  iv  a  1  y  aa  wosld  ba 
arpactad.  is  via*  of  tka  fact  that  tka  albedo  it  isoraaaisg  tovard  salty  vitk  isoraaaisg 
ooadso tlv 1 ty . 

Tke  above  ezaaplea  illsatreta  tka  saefslsaaa  asd  veraatllity  of  tka  ooapster 
prograaa.  Tkeae  prograaa  are  aov  asffioioatly  vail  developed  to  bagia  mania*  apaoiflo 
probloea  of  praotieal  istaraat  to  CXDC  lavolvisg  botk  aisglo- fiber  aeattorlsg  asd 
sbeorptioo,  asd  tke  radiative  trasafar  propertioa  of  tke  oorreap esdisg  fiber  olosda. 
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ABSTRACT 

rho  existing  thaory  of  iaaging  through  an  aaroaol  medium,  boaod  on  tha  saall-anglo  approximation 
to  radiativo  transfer,  la  extended  to  tha  ganaral  caaa  of  aultipla  aeattarlng  with  an  arbitrary  dagraa 
of  anisotropy.  By  applying  tha  dlaorata-ordlnataa ,  finite -element  radiation  transport  coda  TWOTRAM, 
wa  compute  tha  modulation  tranafar  function  for  a  medium  oharaotarlsad  by  optical  dapth ,  aingla 
scattaring  albedo,  and  a  aymaatry  paramator.  An  axtandad  vsraion  of  this  invastigatlon  will  appear 
in  a  1984  issua  of  Appliad  Optica. 


Experimental  evidence1'2  strongly  supports  tha  concept  of  spatial-coherence  degradation  through 
forward  scattering  from  aaroaola.  Tha  spatial  frequency  dependence  of  tha  measured  Modulation  Transfer 
Function  (MTP)  indicates  that,  aalda  from  turbulence,  aultipla  scattering  prooaaaes  can  aarloualy  limit 
image  resolution.  Tha  theoretical  modal  developed  by  Kopeika1 ' 2  is  based  on  the  email-angle  approxima¬ 
tion  to  radiative  transfer,  which  ia  valid  for  particles  larger  than  or  comparable  in  else  to  the  wave¬ 
length  of  the  radiation.  within  the  context  of  this  theory,  a  detailed  investigation  of  the  image 
degradation  problem  is  contained  in  tha  work  of  Ishimaru.3 


We  extend  this  existing  theory  to  the  general  case  of  multiple  scattering  with  an  arbitrary  degree 
of  anisotropy  (particle  slse  not  necessary  to  be  larger  than  wavelength),  by  applying  the  discrete-ordi¬ 
nates,  finite-element  radiation  transport  code  TWOTRAW4  to  compute  the  MTP  for  a  medium  characterised 
by  optical  depth  t  ,  single  scattering  albedo  u  »  and  asymetry  parameter  g.  To  partially  suppress 
the  ray  effect  in  the  discrete-ordinates  solution  to  the  transfer  equation,  we  separate  the  radiance 
distribution  function  into  unsoattered  (reduced)  1*°),  and  scattered  (diffuse),  I***  partsi 

I  (r,  fl)  -  l<°>(r,  £)  +  !<*>(r,  0)  (1) 


We  consider  an  isotropically  emitting  line  source  along  the  s-axls  at  the  entrance  plane  of  an  x-y 
slab  with  optical  thickness  t  .  If  Sj  denotes  the  power  radiated  per  unit  length  of  the  source,  the 
epatlal  distribution  of  the  unecattered  radiation  component  within  the  slab  is 


l(o)  (r,  2)  - 
Here  r  and  2a 


F(J,or)«(n  -  f^)  .  (2) 

are  the  distance  and  direction  vector  from  the  line  source  to  the  point  £,  0  denotes 


the  volume  extinction  coefficient,  and  T  ie  the  Sievert  Integral,  defined  as 
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■  1 


P(®.P> 


(3) 


•  /®  exp  (-p/cos  9)  de  . 

0 

The  scattered  radiance  ia  than  obtained  by  solving  numerically  tha  trsnafar  aquation  with  a  volumet- 
rlo  first-collision  source,  Q,  given  aa 

Q<r,  j)t  -0S  1  p(n-n')  (r,  tr)  dn'  .  (4) 

In  Bq.  (4),  o,  ia  tha  volume  scattaring  coefficient  and  p(0-P'  )  la  tha  scattering  phase  function. 
For  mathematical  convenience  we  modal  )  aa  tha  Benyey-Qreenateln  phaaa  function  characterised 

by  a  alngle  asyanetry  parameter  g. 

Tha  line  spread  function  L(x),  at  tha  exit  plana  of  tha  slab,  ia  given  aa  tha  monochromatic  irradl- 

anoat 

2w  w 

Mx)  -  o;  i*  I(x,y  ■  0,6,4)  coses1neded4  ,  (5) 

where  6  ia  tha  anqla  between  an  outgoing  ray  and  the  y-axis.  In  Pigs.  1  and  2  we  show  the  line  spread 
function  for  two  extreme  values  of  the  albedo  ut  u  -  0.1  strongly  absorbing,  and  u  “  1.0  purely  scatter¬ 
ing.  It  is  aaen  that  the  dominance  of  the  unscattered  radiation  is  overpowered  by  the  scattered  contri¬ 
bution  aa  <n  changes  from  0.1  to  1.0. 

Figure  3  shows  the  modulation  transfer  functions  that  result  when  a  Paat-Pourier  Transform  algorithm 
ia  applied  to  I>(x).  The  MTP  is  not  sensitive  to  the  value  of  u.  In  addition,  the  remnants  of  the 
ray  effect  displayed  In  Pigs.  X  and  2  are  smoothed  out  when  the  Pourler  transform  is  taken.  The  HTPe 
roll  off  at  e  frequency  of  the  order  of  1.0  cycles/red,  which  is  consistent  with  formula  06)  of  Ref. 
3,  derived  for  strongly  peaked  forward  scattering.  This  low  value,  as  stressed  by  Ishimaru,  still 
allows  ona  to  obtain  a  good  Airy  pattern,  provided  l*°*  is  larger  than  !*•). 

By  applying  numerical  solutions  to  tha  two-dimensional  radiative  tranefer  aquation,  wa  thus  extended 
the  present  theory  of  image  degradation  by  random  media  to  the  general  caee  where  multiple  scattering 
with  arbitrary  phase  functions  can  be  treated.  A  parametric  study  of  the  MTP  will  delineate  the  range 
of  validity  of  the  small-angle  approximation  in  imaging  problems. 
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PIGURE  1 .  Line  spread  function  for  a  model  aeroeol 
cloud  with  t  -  4,  u  -  0.1,  and  g  -  0.1. 
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figure  2.  Line  spread  function  for  a  model  aerosol  cloud 
with  t-  4,  «-  1.0,  and  g  -  0.1. 
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AB8TKACT 

Different  net  hod  «  or#  sn«arlxed  for  estimating  the  ilbtdo  of  aimgle  scattering  and  the  ooefficleatt 
of  •  Legendre  polynomial  expansion  of  the  phase  fnaotion  from  the  mmltiply-soattered  redleaee  am  stared  at 
two  looatlosa  exterior  to  a  homogeneous  plea*  tmrbld  medium.  A  simpler  aetkod  la  given  for  applioatloaa 
in  vhioh  the  radiance  la  aeaanrad  within  each  a  aodina  at  two  loeationa  far  froa  the  earfaoee.  Tkla 
paper  oovers  the  following  work  pabliahed  and  anhaitted  for  pnblioation: 

L  8aachea  and  NJ.  NoCormiok,  *Nwmerioal  ewalnation  of  optloal  eingle-aoatteriag  propertiea 
naing  anltiple-acatterlng  tranaport  nothoda’,  £.  Plant.  Bnaotroao.  hi.  Tranafar  21>  1*9 
(1982).  , 

NJ.  McCormick  and  R.  Sanches.  ‘Solutions  to  an  invaraa  p  rob  lea  in  radiative  tranafer  with 
polarisation  II,*  1.  Plant.  Soeotroao.  lad-  Tranafer  1&,  52?  (1985). 

NJ.  MoCotaiok,  ’Nothoda  for  estimating  the  similarity  paraaeter  of  olonda  froa  internal  mea- 
anrenenta  of  the  aoattered  radiation  field*.  L  Plant.  Soeotroao.  Rad.  Tranafer  (to  be  pub- 
liehed) . 

Prs l iminary  raanlta  froa  teats  jaat  beginning  are  also  reported;  these  roanlta  are  baaed  on  numerically 
alas  la  ted  radianoe  data  to  illastrate  the  potential  iaaeoaracy  of  soae  of  the  aethods  arising  froa  rendoa 
statistical  flaotaatioas  in  the  aeaenreaenta. 


i.  iyntoDCCTioN 

4 

The  foe  as  of  nach  of  the  reaearoh  on  obsemratioa  by  aerosols  is  on  detemiaing  the  scattering 
propertiea  of  partionlatea  (both  aaooth  and  lrregalsr-shape).  There  are  two  general  olaaaea  of  problems: 
direct  and  inverse.  For  the  first,  knowledge  of  the  relative  index  of  refraction  of  a  particle  and  its 
shape  and  eixe  ia  needed  to  calculate  the  acattering  natrix;  a  projection  of  these  roanlta  onto  the  basis 
faaetioae  consisting  of  the  generalised  spherical  functions  (Chn  and  Chnrohill.  1955;  IsWas  and  KibariX. 
1959;  Hovenier  and  van  der  Nee.  1985;  da  tooij  and  van  der  Step,  1984)  then  enables  the  expansion 
coefficients  to  be  determined.  For  example,  scattering  of  the  intensity  of  radiation  can  be  described  by 
the  e  ingle  scattering  phase  funotloa 

N 

-  (dr)'1  ^  (2nel)fBPB(g"g).  f0  -  1. 

n*0 


where  g“g  ia  the  oosiae  of  the  angle  between  the  laooning  and  ontgoing  wavefronts  and  the  PB  are 
Legendre  fnaetlons.  The  parameters  fD,  a  ■  1  to  N,  and  the  albedo  of  single  scattering  o  together  serve 
to  characterise  the  interaction  of  the  radiation  (of  an  implicit  wavelength)  with  the  particle.  The 


coefficient  fj,  for  example,  is  tk«  n^Mttj  factor  customarily  denoted  by  g. 

Tbo  expansion  oooffioloata  fg  ear  ba  oaloalatod  froa 

tn  -  J*g  f(fi'*fl) 

in 

provided  oaroful  single-scattering  experiments  of  tbo  pbaao  function  oaa  ba  dona.  Such  u  estimation  of 
tbo  ooaffioioata  f Q  froa  pbaao  function  information  ia  tbo  moat  straight-forward  fora  of  inverse  problem. 
Tbo  work  boro,  however.  doala  with  inverse  probloaa  ia  vbioh  tbo  pbaao  foaotioa  ia  aot  knoara  a  ad  aaat  bo 
oatiaatod  froa  radiation  that  baa  survived  aaay  aoattariat  events. 

Tbo  aatboda  aaod  to  solve  inverse  multiple  scattering  probloaa  aooaaaarily  aaat  dopoad  apon  tbo 
gooaotry  of  tbo  target.  Ia  tbia  paper,  mo  mill  restrict  ourselves  to  tbo  oaao  of  a  boaogoaaoaa  slab  or 
seai-iafiaitely  tbiok  targat  that  ia  extoraally  illaaiaatod  uniformly  over  oao  (or  both)  of  tbo  sur- 
faeoa.  with  oaly  a  brief  diaoaaaioa  of  tbo  exteaaioos  to  tbo  aatboda  that  have  been  developed  for  other 
gooaetriea.  Likewise,  for  tbe  most  part  we  will  aaeaaa  tbo  iaeidoat  radiation  ia  of  a  aiaglo  frequency 
and  that  polarisation  effeot*  are  not  of  interoat.  Tbo  target  is  aesnaed  to  re-radiato  a  negligible 
a  mo  tint  of  energy  at  the  frequency  of  interest,  ao  that  there  it  no  spatial  ly-diatribated  source  in  tbo 
interior  of  tbe  target.  Finally,  tbe  partiolea  ia  tbo  target  are  asswaed  to  ba  randomly  oriented  and  ia 
the  far  field  of  one  another. 

So  much  tor  tbe  reetr  lot  lone.  Tbe  good  newt  is  that  tbo  target  optioal  thickness  oaa  bo  as  largo  aa 
wo  like,  and  the  partiolea  oaa  be  of  arbitrary  unknown  abapo  and  eixe.  This  means  that,  at  least  in 
principle,  tbo  aothods  are  valid  for  an  arbitrary  degree  of  angular  anisotropy  of  soattoring. 

Tbe  inverse  multiple  soattoring  aatboda  have  all  booa  derived  by  starting  with  tbo  radiation  trans¬ 
port  aquation 


2n 


l»«T  Kw.ii. {)  +  Kw.ii.  {>  -  («/4x)  /  df  /  d|i'f(g"a>  Kt.n'.f). 


"0 


whore  w  is  the  optioal  distanoe  in  tbe  plana  layer  of  interest,  w_  1  w  i  w+,  while  p  1s  the  cosine  of  tbo 
angle  with  rospoot  to  the  positive  w  axis  and  {  is  tbo  asiautbal  angle.  Tbe  specific  intensity  I(w.p,{) 
is  tbo  radiant  energy  oroaeing  a  unit  eurfaee  area  normal  to  the  direction  of  travel  per  unit  solid  angle 
and  per  unit  time.  (Tbe  time  dependence  of  tbe  intensity  will  bo  briefly  discussed  later.)  The  boundary 
conditions  oaa  be  arbitrary,  i.e., 

iK-.n.t)  -  g^H.O  .  oi  nil.  o  i  (  i  u. 

I(v+,|i.{)  -  g2<n.{)  .  -l  i  i»  l  o.  o  i  5  i  lx. 
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Th*  bttlc  ld« a  la  d»hU|  tb*  Mtboda  la  to  taka  angular  aoaiati  of  tko  traaaport  equation.  Tbii 
iatrodno**  a  aat  of  projection* 

1 

f 

if  „<t)  “  "a  *5<k>  *?<«•■»>  . 

-1 

1 

t2,n(-x)  "  al  P?('*>  <k  .  <D 

-I 

«k*r*  th*  Pourler  projection*  an  d*fla*d  aa 

2a 

r 

I^(t,p)  -  [a(l  ♦  I(x.M»?>  «o*  »U  *  {,)  * 

"0 

2a 

r 

^(t.t*)  -  a-1  I(t,|»,?>  ala  a((  -  Cf)  d{  (2) 

and  a*  at*  th*  ooaataat* 

oj  -  ((2a  ♦  1) (a  -  a) I / (a  +  a)!]1/2  . 

Th*  arbitrary  atiauthal  reference  anti*  ii  {f. 

There  are  then  at  leeet  two  way*  to  prooead:  if  oa*  iat*grat*a  th*  traaapost  equation  over  th* 
apatlal  variable  to  oonnteraot  the  operator  in  th*  equation,  then  after  Manipulation*  oa*  1*  left 

with  a  aet  or  coupled  Invert*  acatterinf  equation*  for  tk*  fn  coefficient*  that  ar*  quadratic  in 
or  lJB(t)  evaluated  oa  the  honadariee;  auoh  equation*  thue  require  that  and  I(Tf,|i,()  he  known 

for  -1  1  p  1  1  and  0  i  (  i  2r  In  the  ev*at  the  plan*  layer  of  iat*r*at  1*  iahedded  within  a  larger 
hoaogeneona  layer  aueh  that  t_  and  t+  ar*  far  frow  th*  out*rwoat  boundariee,  than  aainuthal  eyaaatry  My 
prevail,  la  which  nee  1^  #(x)  -  0.  a  1  1.  and  l5>B(x)  •  0.  a  £  0.  Even  with  thia  loaa  of  intonation, 
however,  it  1*  atill  poaalbl*  to  obtain  *om  inform* t ion  about  a  paraaeter  that  link*  a  and  f|,  by  u» lag 
only  th*  total  iateaaity  Ij  j(t)  and  th*  n*t  flu  (divided  by  2a)  I  Th*  different  **t*  of 

qudratlo  equation*  will  be  diaouaaad  in  Seotioa  II.  and  a  one  praliniury  r*aulta  on  th*  applioatioa  of 
th*  equation*  with  analytioal  ly-ainulat*d  radiatioa  iateaaity  that  ha*  rand  on  atatiatieal  fluctuation* 
will  be  given  ia.  Seotioa  III. 

Th*  a*eoad  way  to  proceed  to  develop  invert*  aquation*  la  to  firat  tolv*  th*  direct  problra  and  to 
thca  find  a  aiaple  enough  fuctional  dependence  *o  that  th*  equtioa*  can  be  inverted  to  iafer  the  f# 
coefficient*  fron  th*  iateaaity.  A  **t  of  aaooapled  invert*  *eatt*riag  eqaatioaa  for  th*  fft  ooeffioieat* 


Ui  bm  diTi loped  (or  tka  oat*  that  a  taai-iaf lalta  layer  it  illa*iaat*d  *ith  a  bartt  of  radiation,  and 
tha  aqnations  raqnlr*  that  tha  tin* -dependant  backaoattarad  radiation  b*  a*asmr*d  at  tin**  aiyapotical ly 
loa|  attar  tb*  barat.  Tha  aqnstions  (or  tbit  aathod  raqnlr*  only  acaaata  froa  Kq.  (2),  and  not  tha  sort 
Uto1t*4  aat  (roa  Bq.  (1),  ao  only  tb*  {-dependence  of  tb*  intensity  ootid  a* ad  b*  aaasarad  at  a  fixad 
Tala*  of  p.  Tb*  tqaatioaa  ar*  doonaantad  alaaobara  (McCormick,  1912;  MoCoraiok,  1983)  a  ad  tb*  astaat  of 
Chair  applicability  ia  to  b*  taatad  ia  a  coablnad  axpariaaatal-analytlcal  program,  ftadad  by  tb*  Dapart- 
**at  of  tb*  Any,  that  it  jaat  aoo  bogiaaiag.  Tb*  aaporiaaatal  prograa  i*  aadar  tha  diraotioa  of  KJL. 
Blliott  (Oragoa  Oradaat*  Caatar)  vkil*  tb*  aaalytioal  portion  ia  to  ba  dona  at  tb*  Oniooraity  of  bathing- 


II.  COUPLED- BQUATION  METHODS 

Thar a  ar*  a  nnabar  of  iadapaadaat  eat*  of  oqnationa  that  caa  b*  ntad  to  iaftr  tb*  (2N  ♦  1)  coeffi¬ 
cient*  a  and  fa,  a  -  1  to  N,  depending  apoa  tb*  typ*  of  external  11  Intimation  and  tb*  location  of  tb* 
datactora.  In  tb*  aoat  gaaaral  oat*  vbar*  tb*  external  i limitation  axbibita  an  a x iantba  1  dapaadano*  and 
oaaaot  ba  aad*  s  yarn  trie  with  raapaot  to  aoaa  axiaatb  rafaranoa  angle  and  tb*  datactora  ar*  not  deeply 


inbaddad  ia  tb*  a*din*.  tkar*  ar*  aix  iadapaadaat  aat*  of  aqnationa  (McCoraiek  aad  8aaoh*t,  1913).  Tb* 
firat  three  caa  b*  axpraatad  in  tana  of  diffaraacaa  of  Talna*  at  t+  aad  t_  as 


•  )  *atIj.a^)I5.a<t>)  “  »jk 


for  j  -  1.2  and  k  -  1,2  aad  a  ■  0  to  N,  nbara 


flk-»  l7(t.P>  iJiT.-p)  dp 


In  than*  aqnationa.  tha  tbra*  aat*  corraapond  to  (J,k)  •  (1,1),  (2,2),  or  (1,2)  =  (2,1),  bat  tbar*  ar* 
actaally  oaly  (SN  ♦  2)  distinct  invars*  aqnationa  bacana*  tb*  aqnatioa  for  a  ■  0  la  tb*  (1,2)  aat 
Taaiahas  idantioally.  Tb*  aacoad  tbra*  sets  of  aqnationa  ar*  obtained  fro*  tb*  preceding  three  by 
raplaoiag  ij(r.ap)  by  pl*(r,+p)  and  fa  by  f— /<  1  -  *fa). 

Tb*  naabar  of  aqnationa  it  draaatioally  radnead  if  tba  incident  radiation  caa  b*  aad*  aynaetrio  to 


aoa*  axiantha  1  rafaranoa  angle  (r  for  than  only  tb*  too  (1,1)  aata  anrti?*;  anob  a  sitnation  aria**,  for 
•xaapla,  ia  tba  paaalT*  lllnalnatioa  of  tb*  earth's  ataospbar*  by  plana-parallal  rays  fro*  tb*  ana.  An 


adnotioa  in  cqaatioas  occnrs  if  tb*  incident  illumination  la  asinathally  syaaatrio  (as 


ia  tb*  caa*  of  tb*  ana's  aoraal  lllnalnatioa,  for  *xaapla);  than  oaly  tb*  a  *  0  aqnationa  fro*  tb*  too 
(1,1)  sets  ar*  nsafnl,  aad  that*  ar*  insufficient  to  determine  tha  nnkaoon*  nalaaa  Nil. 
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iutktt  lutiu*  for  vkiok  tko  rUlitioa  (1*14  it  atiaatkallp  tynatrio  ooeut  doap  im  tkt  iatorior 
of  to  optioallytkiok  Mdloi)  took  at  t  largo  cloud.  Tkoa,  if  tko  tiiUtica  gotootort  tro  plaotd  doop 
oaoogk  laaidowharo  it  la  fcaova  tko  rtdiatioa  it  la  tka  diffatioa  doaala,  tkaa  it  it  poaaiklt  to  ata  tkat 
(tot  to  okttia  t  tiaglt  oqaatioa  vitk  vkiok  to  oatlaato  tko  aiailarit?  paraaotor 
t  -  1(1  -  o)/(l  -  o(l)ll/a  . 

Tko  (on  of  tko  oqaatioa  it  (MoConiok,  19IS) 


a2  -  P(*>  »?tl(x)]a 


/lIl,0(,)1 


(4) 


t, 


t, 


vkoro  difforoat  font  of  P(t)  art  available.  Pot  • staple,  for  torrattrial  tloadt 


P(o) 


(0.34g  -  0.144*)*  g 
4.444  -  3.444*  1 


Aaotkor  poaalbilitr  1*  to  ato  oalj  auiuiMiti  ia  tko  soaitk  tad  aadir  direction*  ia  tko  oqaatloa 
(MoCoralok.  1913) 


a2*(a)  - 


!  llf(t,~l)  *  .{It. 1)1* 


3  llf(t.-l)  ♦  I?(t.l)]2 


(5) 


t_ 


where  for  torrottrial  oloadt, 

K(*>  -  1.010(1  -  0.2Sla)J/(l  -  0.230*  ♦  0.490*2)2  . 


V*  bow  briefly  di*oB*«  *oao  of  tko  oatoaaloa*  of  Bq.  (3)  tkat  kawo  booa  dowolopot.  Ik*  iaoorpora- 
tloa  of  a  t  Lao— dependant  iaoidoat  illniaatioa  ota  b*  ooonaa  edttod  bp  Laplaoo  tr*a*  fora  lag  tko  tla* 
dop*ad*at  iatoaaity  I(t.p.(.t)  vitk 


I(t.|i,(,a)  •  *~#t  I(t,p.{ 

: 


Tko  **t  of  oqaatloat  (3)  tkoa  it  of  tko  **a*  fon,  tad  aov  ta  tdditioaal  dogroo  of  iadopoadoao*  i* 
aoklowod  booa***  oaok  difforoat  w*la*  of  •  giro*  aaotkor  **t  of  iavoro*  equation*  tkat,  *t  l*a*t  la 
priaoiplo,  oigkt  k*  m*od  to  kelp  iafor  tko  aakaova  oooffioioat*  «  *ad  tm,  a  •  1  to  N,  a  ad  al*o  tko 
aakaova  apood  of  ligkt  ia  tka  aodiaa  (gaaokat  aad  MoCoralok,  1902).  Tkl*  additional  flexibility  vo*  not 
•kowa  ia  t**t  ealealatioa*  to  b*  particularly  kelpfal,  kovowor  (ibid). 


Aaotkor  goaoral listioa  iavolvo*  a  aoa-ualfora  ostoraal  illniaatioa  (i.o.,  tko  '»o*roh  ligkt 
probloa').  Siovort  aad  Daaa  (1902)  kawo  akowa  tkat  a  Poarior  tr*a*fon  of  tko  iatoaaitia*  oa  tko 


boundaries  lends  to  an  equation  similar  to  Bq.  (3)  which  has  reel  end  imaginary  parte.  Snob  as  inverse 
method  woe  Id  be  difficult  to  oao  in  praotice,  however,  because  an|nlar  intensity  measurements  would  ba 
raqnirad  for  every  point  on  tha  plana  bonndarlea. 

Por  a  homogeneous  three-dimensional  target  that  doea  not  haya  a  alab  shape.  Larsen  (1984)  has 
derived  a  very  general  vector  inverse  equation  that,  at  least  in  prinoiple.  oould  be  need  to  determine 
soae  information  abont  w  and  fn  by  varying  the  boundary  conditions.  Praotical  applications  of  tba  net hod 
are  probably  limited,  however,  since  a  very  large  number  of  aeasnreaents  would  have  to  be  performed  over 
the  surface. 

Because  of  the  ooapl ioations  arising  froa  a  non-uniform  illumination  or  a  non-slab  guoaetry  aediua, 
it  it  worth  mentioning  that  Bq.  (3)  should  be  valid  in  aany  oases  even  if  the  illuainetion  over  the 
surface  it  not  perfectly  uniform  or  the  boundaries  are  not  perfeotly  plane.  That  ia  required  is  that  the 
external  illuaination  be  uniform  over  a  distance  of  perhaps  23  times  the  inverse  of  the  extinction 
coefficient,  and  that  the  radius  of  curvature  point-wise  over  the  anrface  be  perhaps  25  times  the  inverse 
of  the  extinction  coefficient. 

As  a  final  extension  of  Bq.  (3),  we  note  that  the  genera  1 ixstlon  to  incorporate  the  effeots  of 
polarisation  has  been  developed  (McCormick  and  Sanchei,  1983).  Por  this  case,  the  transport  equation  is 
replaced  by  a  matrix  eqnatior  in  tcras  of  the  intensity  vector  X  -  (I,  Q,  C,  V)  consisting  of  the  fonr 
Stokes  paraaeters.  The  single-scattering  phase  function,  in  turn,  it  replaced  by  the  Mueller  scattering 
aatrlx.  Then  in  the  general  cate  there  are  a  total  of  (6N-2)  unknowns  for  N'th  degree  anlaotropio 
scattering,  provided  N  2  2.  Instead  of  the  (N  +  1)  unknown*  in  the  napolarised  case.  Deter  ination  of  m 
and  the  <(N-3)  unknown  expansion  coefficients  of  the  Mueller  aatrix  requires  measurement  of  X(t»M,()  at  x 
■  t+  and  t_  for  all  values  of  |i  and  {.  To  date  there  has  been  no  effort  to  teat  the  equations  with 
simulsted  or  experimental  data. 


III.  NUMERICAL  TB8TS 

An  inherent  disadvantage  of  the  methods  is  that  the  coefficients  most  useful  for  identification  of 
an  obscurant  or  natural  fog  axe  a,  f j  and  perhaps  a  few  more  of  the  lower-index  fn  coefficients,  and  yet 
the  equations  are  ooupled  so  that  one  mast  first  start  with  the  equation  with  m  “  N*.  there  N*  ia  the 
assumed  degree  of  anisotropic  scattering,  and  work  through  the  '-seining  equations  for  m  <  N*  to  get  to 
those  that  contain  the  key  unknowns.  Hence,  errors  can  be  propRgated  and  enhanced  from  the  higher-index 
coefficients  to  the  lower-index  coefficients. 

Early  numerical  tests  (Sanches  and  McCormick,  1982)  of  Eq.  (3)  and  its  counterpart  method  with  I 
replaced  by  pi,  etc.,  showed  that  as  N*  was  Increased  to  N  the  two  upper  triangular  systems  of  equations 
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mU  nftsiM*  the  (MfdoiMti  to  say  desired  ittintj  provided  the  iatensit y  Miiumtti  had  no 
rondo*  statistical  (lututioii  and  that  values  of  I  vara  known  at  a  sufficiently  largo  anongk  nnaber  of 
dlraatioaa  (typical ly  at  least  N  polar  directions  and  N  asiauthal  directions,  or  note).  The  real  tests 
of  the  aatkoda  begin  whan  one  tries  to  cednee  tbs  nnaber  of  aeasuremant  directions  needed  for  a  avaerieal 
quadrature  approzlnst ion  to  the  integrals  ia  Bqs.  (1)  and  (2). 

The  aolntion  net bods  were  tested  with  an  angolar  redistribution  feactioa  that  is  s  conbination  of 
two  binomial  diatr  that  lost , 

wf(ft’-fl)  -  0.949(17)2-1<(1  ♦  ♦  0.001(S)2"4(1  -  fi'-fl)4  .  <«) 

This  fanetion  has  an  albedo  of  single  seattsring  of  0.95  and  is  a  snooth  angnlar  diatribution  whose 
forward  peak  is  a  faetor  of  4  a  104  larger  than  its  nininv*,  and  a  backward  ('glory')  peak  a  faotor  of 
10  larger  than  its  ainiaun;  as  sneh,  it  night  *odel  aa  idealised  diatribation  of  different  sine  par- 
tie  las.  The  test  for  convergence  of  «  sad  mfft,  n  »  1,  S.  and  10,  as  N*  was  increased  to  N  it  shown  in 
Figure  1  for  the  ease  of  p  ■  II  and  117  nodes  in  the  quadrature  sat. 

In  a  aeooad  test,  raadoa  errors  were  introdneed  into  the  vs  lass  of  the  intensities  at  the  nodes  by 
neaas  of  a  Monte  Carlo  taapling  fro*  a  cosine- squared  distribution.  A  series  of  oalonlations  were  done 
with  Bq.  (3)  and  the  averaged  results  art  shown  in  Figure  2,  as  normalised  to  the  fractional  error  in  the 
intensitise . 

IV.  GBNB2AL  COMMENTS 

As  the  assaaMd  degree  of  scattering  anisotropy  N*  tends  to  the  aotnal  value  N,  convergence  of  the  m 
and  fB-eocffioienta  to  their  esaot  values  will  ocour  if  the  nnaber  of  data  points  p  is  large  enough  and 
there  are  small  enough  random  errors.  Figure  1  for  noise-free  intensities  shows,  however,  that  p  »  18  is 
insufficiently  high  to  accurately  reproduce  the  value  of  mfj  for  the  scattering  function  of  Bq.  (6) ,  and 
yet  It  nessureaent  directions  Is  not  such  a  small  number. 

Difficulty  with  the  acouracy  of  the  coeffieients  increases  draaafieslly  as  the  random  error  becomes 
siseable.  Figure  2  shows  that  with  rsndon  errors  tne  standard  deviations  in  the  coefficients  increase 
logaritbaieel ly  with  increasing  N*.  to  that  unless  the  isadoa  fractional  errors  are  signif ioantly  lover 
than  0.1%.  the  resulting  coefficients  can  be  severely  in  error. 

The  results  reported  here  confirm  that  ths  inverse  multiple  scattering  problem  is  i 1 1 -conditioned, 
as  is  characteristic  of  inverse  problems,  but  several  improvements  in  the  inverse  methods  are  underway 
and  will  be  reported  in  the  future  as  they  are  completed. 
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ASSESSMENT  OF  AEROSOL  EXTINCTION  TO  BACKSCATTER 
RATIO  MEASUREMENTS  MADE  AT  694. 3nm  IN 
TUCSON.  ARIZONA 


J.  A.  Reagan,  M.  V.  Apte,  A.  Ben-David  and  B.  M.  Herman 
The  University  of  Arizona 
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ABSTRACT 

The  aerosol  extlnction-to-backscatter  ratio,  S,,  Is  a  key  parameter  In  interpreting  scattering 
measurements  made  with  Ildar.  While  solution  techniques  for  solving  the  Ildar  equation  generally  assume 
some  constraining  relation  for  Sa  (l.e.,  such  as  Sfl  Is  constant  with  range),  few  measurements  of  Sa  have 
been  made  to  establish  the  statistics  and  properties  of  this  parameter.  Measurements  of  Sa,  for  a  wave¬ 
length  694. 3nm, obtained  from  slant-path  Ildar  observations  made  In  Tucson,  A2  from  May,  1979  to  May,  1982 
yielded  values  of  S.  between  about  5  to  100  with  the  majority  concentrated  between  about  10  to  45.  The 
weighted  mean  (weighted  by  Inverse  variances  of  Sa)  of  all  Sa  values  and  the  arithmetic  mean  of  the  main 
grouping  of  Sa  values  (10 <  Sa  <  45)  both  equaled  approximately  25.  Interpretation  of  the  Sa  measure¬ 
ments  In  terms  of  various  size  distributions  and  refractive  Index  values  representative  of  atmospheric 
aerosols  Indicated  the  following:  1)  Sa  values  In  the  10  to  20  range  are  Indicative  of  coarse  mode 
dominated  size  distributions,  larger  real  refractive  Index  values  (greater  than  -  1.50),  and  zero  or 
nearly  zero  Imaginary  refractive  Index  values,  2)  Sa  values  in  the  20  to  35  range  appear  to  correspond 
to  size  distributions  with  less  dominant  but  still  significant  coarse  mode  particle  concentrations, 
somewhat  lower  real  refractive  Index  values,  and  still  fairly  low  imaginary  refractive  Index  values  (less 
than  -0.005),  and  3)  Sa  values  greater  than  about  40  indicate  even  lower  real  refractive  Index  values 
(values  of  1.45  and  lower)  and/or  even  larger  refractive  index  values  (values  In  the  0.005  to  0.01 
range). 

I.  INTRODUCTION 

The  aerosol  extlnction-to-backscatter  ratio,  Sa,  Is  a  key  parameter  In  interpreting  scattering 
measurements  made  with  basic.  Incoherent  mode  Ildar  systems.  Solution  techniques  for  solving  the  Ildar 
equation  to  extract  profiles  of  aerosol  backscatter  and/or  extinction  from  such  Ildar  measurements 
generally  assume  some  constraint  for  Sa.  The  most  common  assumption  Is  that  Sa  Is  constant  over  a 
specified  range  Interval. 

Few  measurements  of  Sa  have  been  made  to  establish  the  statistics  of  this  parameter  for  various 
atmospheric  conditions,  locales,  etc.  The  purpose  of  this  paper  Is  twofold.  Firstly,  to  present  the 
results  of  Sa  measurements,  for  a  wavelength  of  694. 3nm,  obtained  from  about  75  days  of  Ildar  slant-path 
observations  made  In  Tucson,  AZ  between  May,  1979  and  May,  1982.  Secondly,  to  assess  the  Sa  measurements 
In  terms  of  representative  aerosol  size  distributions  and  refractive  Index  values  which  appear  to 
characterize  certain  ranges  of  $a  values. 


II.  EXPERIMENTAL  RESULTS 

Measurements  of  Sa  were  made  with  the  University  of  Arizona  monostatic  ruby  Ildar  system  (e.g., 
Reagan  et  al . ,  1977;  Splnhirne  et  al.,  1980)  located  at  the  outskirts  of  Tucson.  To  acquire  the  neces¬ 
sary  data  set  to  extract  an  estimate  of  Sa,  the  Ildar  was  fired  along  a  fixed  azimuth  at  several  slant  or 
elevation  angles  ranging  from  vertically  pointing  down  to  an  elevation  angle  about  15®  above  the  horizon. 
A  complete  slant-path  run  consisted  of  measurements  made  at  9  different  slant  angles.  About  10  laser 
shots  were  taken  at  each  slant  angle  to  average  out  the  noise  In  individual  Ildar  returns,  and  a  total  of 
20  to  30  minutes  was  typically  required  to  complete  a  slant-path  run.  To  further  reduce  noise  problems, 
lidar  operation  was  generally  restricted  to  nighttime  (typically  just  after  sunset)  because  the  skylight 
background  added  too  much  noise  to  Ildar  returns  obtained  during  daylight  hours. 


505 


Reduction  of  the  Ildar  measurements  to  extract  Sa  values  was  accomplished  using  the  slant-path  Ildar 
reduction  technique  previously  described  by  Splnhlrne  et  al.  (1980).  In  this  approach,  slant-path  Ildar 
measurements  are  processed  by  a  multi -angle  Integral  solution  of  the  Ildar  equation  to  extract  Sa  and 
vertical  profiles  of  aerosol  extinction  and  backscatter.  The  solution  technique  employs  the  constraint 
that  Sa  Is  assumed  constant  with  height  through  layers  of  aerosol  optical  thickness  (I.e.,  integrated 
extinction)  of  about  0.05  or  greater.  This  typically  corresponds  to  the  entire  atmospheric  mixing  layer 
(height  of  a  few  kilometers)  for  the  relatively  clear  conditions  that  generally  prevail  in  Tucson. 
Horizontal  homogeneity  Is  also  required,  but  horizontal  variations  In  aerosol  backscatter  of  10t-20%  at  a 
given  height  can  readily  be  tolerated  without  greatly  effecting  the  retrieval.  These  requirements  should 
be  reasonably  well  met  In  regions  of  the  atmosphere  that  are  fairly  well  mixed  and  removed  from  strong 
localized  aerosol  sources.  The  solution  procedure  produces  standard  deviation  estimates  for  Sa  as  *•'“11 
as  the  aerosol  extinction  and  backscatter  profiles.  These  error  estimates  provide  an  indication  of  how 
well  the  constraints  of  the  solution  procedure  are  actually  met. 

Attempts  were  made  to  collect  Ildar  slant-path  data  on  approximately  125  days  during  the  period  May, 
1979  through  May,  1982.  Of  these  attempts,  complete  sets  of  slant-path  data  were  acquired  for  about  105 
days.  Data  for  74  days  proved  eventually  to  be  successful  In  that  they  were  reducible  by  the  slant-path 
Ildar  technique. 

Values  of  Sa  obtained  from  these  74  days  of  slant-path  Ildar  observations  made  between  May,  1979  and 
May,  1982  are  plotted  In  Fig.  1  over  a  12  month  generic  year  Interval.  The  Sa  values  for  the  20  days  of 
preliminary  Ildar  observations  reported  by  Spinhlrne  et  al.  (1980)  are  Included  In  the  figure  for  compar¬ 
ison.  A  histogram  of  the  Sa  values  with  class  Intervals  of  5  Is  also  given  In  Fig.  2,  and  various 
averages  of  $a  are  given  in  Table  1. 


From  the  figures,  it  can  be  seen  that  the  Sa  values  range  between  about  5  to  100  with  the  majority 
of  values  concentrated  between  about  10  to  45.  A  secondary  grouping  of  values  Is  apparent  between  about 
45  to  65,  and  there  Is  a  significant  occurrence  of  values  less  than  about  20.  The  weighted  mean 
(weighted  by  Inverse  variances  of  Sa)  of  all  Sa  values  and  the  arithmetic  mean  of  the  main  grouping  of  Sa 
values  (10  <  Sa  <  45)  both  are  approximately  equal  to  25.  This  Is  slightly  higher  but  net  significantly 
different  than  the  weighted  mean  of  about  20  obtained  by  Splnhirne  et  al.  (1980).  Thus,  Sa  *  25  appears 
to  be  a  representative  value  for  the  majority  of  observations. 


III.  ASSESSMENT  OF  Sa  MEASUREMENTS 

The  aerosol  extlnctlon-to-backscatter  ratio,  Sa,  depends  on  the  shape  or  form  of  the  aerosol  size 
distribution  and  on  the  aerosol  particle  refractive  index  (i.e.,  on  particle  composition).  Particle 
shape  also  has  some  influence,  apparently  causing  Sa  to  Increase  as  particles  become  more  nonspherlcal 
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Histogram  of  the  74  S  values  derived  from  Tucson  lidar  measurements  between  May,  1979  to  May,  1982 


(Reagan  and  Herman,  1980).  However,  within  the  limitations  of  spherical  particle  or  Mle  scattering 
theory,  only  the  effects  of  size  distribution  form  and  particle  refractive  index  can  be  readily  assessed. 
Additional  problems  still  arise  even  with  the  spherical  particle  restriction  because  particle  composition 
may  be  Inhomogeneous  both  within  a  single  particle  and  as  a  function  of  particle  radius.  Scattering 
computations  for  polydispersions  of  spherical,  inhomogeneous  particles  can  produce  significantly  different 
values  for  various  optical  parameters  depending  on  how  the  different  constituents  of  which  the  particles 
are  comprised  are  assumed  to  be  mixed  or  averaged  (e.g.,  Gillespie  et  al.,  1978;  Ackerman  and  Toon,  1981; 
Sloan,  1983).  The  approach  taken  here  In  assessing  the  Sa  observations  will  be  to  assume  that  the 
Individual  particles  are  spherical  and  homogeneous.  Most  of  the  calculations  will  assume  a  single, 
average  refractive  Index  over  all  particle  sizes,  but  some  results  will  also  be  presented  for  mixtures  of 
different,  homogeneous  particles  within  certain  size  ranges. 

As  $a  depends  on  both  the  particle  size  distribution  and  refractive  index.  It  Is  clearly  Impossible 
to  uniquely  Infer  these  two  particle  properties  from  a  given  value  of  $a.  However,  by  assuming  a  size 
distribution  that  Is  representative  of  the  aerosols  In  question,  it  Is  possible  to  infer  something  about 
the  particle  refractive  Index  range  that  best  characterizes  a  given  Sa  value. 

The  size  distributions  selected  as  being  representative  of  the  various  particle  distributions  that 
may  actually  have  occurred  during  the  lidar  observations  are  given  in  Fig.  3  in  both  volume  and  number 
density  distribution  forms.  They  have  been  scaled  to  make  them  all  similar  in  magnitude.  Only  the 
distribution  shape,  not  the  absolute  magnitude,  is  Important  in  computing  Sa  because  Sa  is  a  ratio 
quantity.  The  distributions  for  13  August  and  20  November  of  1975  were  obtained  by  Inverting  spectral 
optical  depth  data  from  solar  r  diometer  measurements  made  in  Tucson  as  reported  by  King  et  al .  (1978). 
They  are  similar  in  shape  to  distributions  frequently  obtained  from  inversions  of  Tucson  spectral  optical 
depth  data.  The  distribution  for  15  May,  1977  is  a  composite  distribution  obtained  from  airborne  Whitby 
electrical  particle  analyzer  measurements  and  the  inversion  of  solar  aureole  and  spectral  optical  depth 
data  acquired  from  groundbased  measurements  (Reagan  et  al.,  1978).  This  distribution  has  the  approximate 
Straight-line  form  of  a  Junge  distribution  with  slope  or  shape  factor  v  of  v  a  2.  A  Junge  distribution  of 
slope  v  *  3  is  also  included  because  Junge  type  distributions  with  slopes  bounded  between  -  2  <v<~  3  are 
also  frequently  obtained  from  inversions  of  Tucson  spectral  optical  depth  data  (King  et  al.,  1978).  The 
final  distribution  included  in  Fig.  3,  referred  to  as  the  mean  balloon  impactor  distribution,  is  the 
average  of  several  balioon-borne  cascade  impactor  measurements  made  in  Tucson  during  April,  1980  as 
previously  reported  by  Reagan  et  al.  (1984).  With  the  exception  of  the  v  =  3  Junge  distribution,  the 
distributions  all  have  significant  large  or  coarse  particle  mode  contributions.  A  pronounced  peaking  in 
the  fine  particle  or  accumulation  mode  is  also  apparent  for  the  13  August  and  20  November  distributions 
and  to  a  lesser  extent  for  the  mean  balloon  impactor  distribution.  It  should  also  be  noted  that  the 
distributions  are  all  height  averaged  in  some  sense  (i.e.,  either  columnar  determinations  or  the  average 
of  measurements  at  several  heights)  and  are  thus  representative  of  a  height  interval  similar  to  that  for 
which  the  Sa  values  were  determined,  namely,  the  first  few  kilometers  of  the  troposphere. 

Theoretical  Mle  scattering  computations  were  made  to  determine  Sa  for  each  of  the  distributions 
given  in  Fig.  3.  The  calculations  were  made  for  a  wavelength  of  694. 3nm  and  particle  refractive  index, 
m,  values  with  real  components,  mr,  of  1.40,  1.45,  1.50  and  1.54  and  imaginary  components,  ,  of  0.000, 
0.005  and  0.01.  The  results  of  these  computations  are  shown  in  the  plots  of  Fig.  4  where  the  computed  Sa 
values  are  plotted  versus  the  real  refractive  index  component  and  each  plot  is  for  a  different  imaginary 
refractive  index  value.  With  regard  to  the  Sa  values  obtained  from  the  lidar  observations,  it  is 
apparent  that  the  low  Sa  values  in  the  10  to  20  range  are  characterized  by  1)  size  distributions  with 
dominant  coarse  mode  particle  concentrations,  2)  larger  real  refractive  index  values  of  mr  >  ~1.5,  and  3) 
zero  or  nearly  zero  imaginary  refractive  index  values  of  m,  <  -  0.005.  This  is  consistent  with  the 


Aerosol  size  distributions  representative  of  Tucson;  a)  volume  size  distribution  (particle  volume  -  cm  /cm  ) 
and  b)  manber  density  size  distribution  (particles/cm  ). 
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Computed  Sa  values  versus  real  refractive  Index  for  different  size  distributions  and  Imaginary  refractive 
indc  values  (for  wavelength  of  694. 3nm);  a)  for  m,  »  0.000,  b)  for  m,  >  0.005.  and  c)  for  m.  -  0.01. 


Figure  4-  Continued. 


situation  one  might  expect  for  windy  and/or  strong  convectively  mixed  conditions  in  an  arid  region  such 
as  Tucson  (l.e. ,  enhanced  coarse  mode  particle  concentrations  and  refractive  index  values  characteristic 
of  soil  particles). 

Concerning  the  higher  Sa  values  obtained  from  the  lidar  observations,  say  Sd  >  45  with  an  arithmetic 
mean  of  -62,  the  plots  of  Fig.  3  Indicate  that  this  range  of  Sa  values  is  principally  characterized  by 
1)  lower  real  refractive  Index  values  of  mr  <-1.45  and  2)  larger  imaginary  retractive  Index  values  of 
m^  >-0.005.  The  low  real  refractive  index  component  is  consistent  with  the  index  of  acid-sulfate  type 
particles.  Analyses  of  particle  samples  collected  near  Tucson  by  both  aircraft  (Reagan  et  al.,  1977)  and 
the  balloon-borne  cascade  impactor  (Reagan  et  al.,  1984)  have  revealed  ar.  abundance  of  sulfur  for 
particles  with  radii  as  large  as  -1.0pm.  Larger  imaginary  refractive  index  values  in  the  0.005  to  0.01 
range  do  not  correspond  to  any  specific  substance  commonly  associated  with  atmospheric  aerosols,  but  such 
values  may  possibly  result  from  small  amounts  of  absorptive  material  such  as  carbon  mixing  with  otherwise 
very  weakly  absorbing  particles  (e.g.,  Lindberg  and  Gillespie,  1977;  Ackerman  and  Toon,  1981). 

It  is  not  possible  to  be  quite  as  definitive  concerning  the  majority  of  the  lidar  derived  Sa  values 
which  span  the  range  -15  <  $a  <-45.  The  plots  in  Fig.  3  indicate  many  possible  combinations  that 
satisfy  this  span  of  Sa  values,  although  the  conditions  that  appear  to  offer  the  maximum  likelihood  for 
occurrence  of  Sa  over  this  range  are  for  -  1.45  <  mr  <~  1.5  and  m^  a  0.005.  This  is  basically  the 
refractive  index  range  that  remains  after  excluding  the  index  regions  that  appear  to  best  cha’act.'rlze 
the  high  and  low  values  of  Sfl.  This  resulting  range  also  includes  the  average  refractive  mdex  vflue  of 
1.47  -  0.0041  determined  by  Reagan  et  al.  (1984)  from  the  combined  lidar  and  balloon-borne  cascade 
Impactor  measurements  made  near  Tucson  in  Aoril  1980. 

The  Sa  calculations  presented  thus  far  have  assumed  that  all  particles  have  the  same  rerractive 
index.  As  the  physical  mechanisms  which  govern  the  production  of  particles  in  the  accumulation  mode  and 
coarse  particle  mode  are  quite  different,  It  is  reasonable  to  consider  the  possibility  of  different 
compositions,  hence  different  refractive  index  values,  for  the  particles  in  the  two  modes.  The  mean 
balloon  Impactor  distribution  was  employed  to  Investigate  the  effect  of  mixed  particle  refractive  index 
values.  The  radius  break  between  the  accumulation  and  coarse  particle  modes  was  taken  as  about  0.325pm 
based  on  the  shape  of  this  distribution.  Calculations  of  Sa  were  made  for  various  combinations  of 
refractive  Index  values  for  the  particles  in  the  two  modes.  The  results  were  somewhat  surprising  in  that 
they  demonstrated  that  altering  the  refractive  index  of  the  accumulation  mode  particles  had  little  effect 
on  the  overall  $a  value.  This  Is  shown  in  Table  2  which  gives  the  ranges  of  variation  in  the  computed  Sa 
values  due  to  varying  the  accumulation  mode  refractive  index  over  a  real  value  span  of  1.4  <  mr  <  1.54 
and  an  Imaginary  value  span  of  G.000  <  <  0.01.  The  results  show  that  it  Is  the  refractive  index  of 

the  coarse  mode  particles  that  really  controls  the  value  of  Sa-  The  reason  for  this  is  simply  that  the 
small  particles  don't  contribute  very  much  to  extinction  or  backscatter,  particularly  backscatter  which 
is  the  controlling  factor  in  determining  the  change  in  Sa  due  to  refractive  index  variations.  This  Is 
shown  In  Fig.  5  where  the  cumulative  fraction  of  backscatter  for  the  mean  balloon  Impactor  distribution 
Is  plotted  versus  particle  radius  for  two  refractive  index  values.  The  curves  show  that  the  accumulation 
mode  particles  (i.e.,  particles  of  radius  less  than  -  0.3um)  contribute  only  a  rather  small  amount  to 
backscatter  and,  hence,  to  Sa.  The  results  are  not  significantly  different  for  the  other  refractive 
index  values  that  have  been  considered  here.  Furthermore,  similar  calculations  for  the  other  size 
distributions  given  in  Fig.  3  do  not  yield  greatly  different  results.  While  distributions  with 
relatively  greater  particle  concentrations  in  the  accumulation  mode,  such  as  the  Junge  distribution  for 
v  =  3,  do  have  an  Increased  backscatter  contribution  from  small  particles,  the  increase  is  not  enough  to 
greatly  effect  Sa,  for  the  wavelength  considered  here  (694.3  nm). 
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Table  2.  Range  of  $a  Values  for  Mean  Balloon  Impactor  Distribution  and  Various  Refractive 


Accumilatlon  mode  -  coarse  node  break  at  ~  0.3um  particle  radius;  S  values  for  wavelength  at  634.3  row. 

One  other  nixed  particle,  nixed  refractive  Index  situation  which  was  also  Investigated  was  that  of 
Including  various  percentage  amounts  of  carbon  particles,  an  external  type  mixture  as  defined  by  Ackerman 
and  Toon  (1981),  In  the  accumulation  mode.  As  noted  earlier,  small  amounts  of  an  absorptive  material 
such  as  carbon  mixed  with  otherwise  very  weakly  absorbing  pat ilcles  may  be  the  cause  of  average  or 
effective  Imaginary  refractive  Index  values  In  the  0. 001-0. 01  range  sometimes  Inferred  for  aerosol 
particles  In  that  such  values  are  not  representative  of  any  specific  substance  commonly  associated  with 
atmospheric  aerosols.  The  carbon  Is  assumed  to  be  restricted  to  the  accumulation  mode  because  It  Is 
typically  only  detected  In  the  very  small  particle  range  (Llndberg  and  Gillespie,  1977;  Sloane,  1983). 
Table  3  lists  Sa  values  computed  for  the  mean  balloon  Impactor  distribution  with  different  amounts  carbon 
particles  (m  ■  1.8  -  0.51)  In  the  accumulation  mode  and  all  remaining  particles  with  refractive  Index 


Table  3.  Sa  Values  for  Mean  Ballcon  Impactor  Distribution 
_ and  Various  Refractive  Index  Values _ 


Pe»„.nt  m  for  Coarse  Mode  and  Remainder  of  Particles  In  Accumulation  Mode 

Carbon  Particles 

In  Accumulation  Mode _ 1.4  -  0.0051  _  1.5  -  0001  _ 


0% 

46.7 

15.7 

10 

49.5 

17.1 

20 

52.1 

18.4 

40 

56.8 

21.0 

60 

60.6 

23.5 

80 

64.0 

25.9 

100 

66.8 

28.2 

Carbon  particles  assumed  to  have  sn  ■  1.8  -  0.51.  Accumulation  node-coarse  mode  break  at  ~0.3nn 
particles  radius;  Sa  values  for  a  wavelength  of  649.3  nm. 


values  of  m  ■  1.4  -  0.00051  or  1.5  -  0.0001.  The  two  values  of  m  chosen  for  the  non-carbon  particles  are 
Index  values  which,  when  assumed  for  all  the  particles  present,  yielded  relatively  high  and  low  values  of 
Sa  as  given  earlier  In  Fig.  3.  The  results  given  In  Table  3  show  that  Sa  is  not  greatly  altered  for 
relatively  small  amounts  of  carbon  In  the  accumulation  mode,  say  -  20S  or  less  whlcl.  Is  about  as  much  as 
might  be  expected  unless  conditions  were  very  polluted.  Even  changing  the  carbon  amount  fro.ti  0  to  100S 
causes  less  than  a  doubling  of  $a,  and  this  Is  still  Insufficient  to  change  a  low  Ss  value  Into  a  high  Sa 


value.  Thus,  It  does  not  appear  that  the  addition  of  reasonable  amounts  of  carbon  to  the  accumulation 
mode  has  any  significant  effect  on  $a  for  the  particular  size  distribution  considered  here,  nor  Is  It 
likely  to  have  much  effect  for  the  other  size  distributions  given  earlier  In  Fig.  3.  This  means  that  the 
Sa  values  are  mainly  controlled  by  the  coarse  mode  particle  refractive  Index  for  the  wavelength  (694. 3nm) 
and  size  distributions  considered  In  this  paper. 
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APPENDIX  C 


23  Hay  1984 


AGENDA* 


1984  CRDC  SCIENTIFIC  CONFERENCE  ON  OBSCURATION  AND  AEROSOL  RESEARCH 


All  presentations  are  listed  with  the  appropriate  session  topic 

Caa  well  as  where  they  appear  In  the  schedule.  If  different.  . 

The  second  listings  for  scheduling  purposes  are  enclosed  In  square  brackets. 

MONDAY  25  June 

9:30  Registration  Opens 

10:00  Opening  of  Conference 

Welcome  -  Dr.  B.  Richardson,  Deputy  Director,  CRDC 
Administrative  Remarks  -  R.  Kohl 

10:15  Overview  of  Aerosol  Research  Program  -  E.  Stueblng  C.  Rubai, 

J.  Boct liter,  and  0.  I,  Slndonl 

11:45  LUNCH 


I.  PHYSICAL  AND  CHEMICAL  PROPERTIES  OP  AEROSOLS 
Moderator:  Glen  Rubel 


A.  Particle  Formation,  Evolution  and  Composition 

Pos£.  Alistair  C.  D.  Leslie  and  Nals  S.  Laulalnan  (Battalia,  Northwest),  Inertial 
Particle  Sampler  for  Fine  Size  Particle  Fractionation  and  Chemical  Speclation 
by  PIXE 

Post.  James  Hudson  (Desert  Research  Institute),  Interstitial  Particles  In  Fogs 

Tu.AM  R.  G.  Plnnlck.  C.  Fernandez  and  B.  D.  Hinds  (Atmospheric  Sciences 

Laboratory)  Volatility  of  Near-Suvface  Aerosols  In  Southern  New  Mexico 


1:00  Kang  H.  Leung  (University  of  Illinois),  Generation  of  Monodlsparss 
Nonspherlcal  Aerosol  Particles  (15) 


1:20  R.  C.  Keesee  and  A.  W.  Castleman,  Jr.  (Pennsylvania  State  University), 
Cae-to-Partlcle  Conversion:  The  Role  of  Pre-F.xlsting  Dimers  In  the 
Formation  of  Clusters  During  Supersonic  Expansion  (15) 


‘Presenters  are  underlined.  Where  only  the  presenter's  name  appeAre,  other 
authors  may  be  Indicated  In  the  presentation. 

"Post."  indicates  a  presentation  In  the  all-topic  poster  session  on  Wednesday, 
late  afternoon  and  evening. 


MONDAY  25  Jung  (continued) 


I.  A.  (continued) 

1:40  J.  R.  Brock  (University  of  Tsxss/Austln) ,  Ostuald  Ripening  and  Other 
For  tide  Growth  Processes  (15) 


B.  Pltsse  Mechanics 

2:00  T.  H.  Tseng  end  J.  R.  Brock  (University  of  Texas /Aust In ) ,  Atmospheric 
Models  of  Aerosol  PI  use  Dispersion  (IS) 

2:20  J.  La  then  (U.M.I.S.T.,  England),  Turbulent  Mixing  Processes  (IS) 

2:40  Steven  P.  Henna  (ERT) ,  Characteristics  of  Observed  Concentration 

Fluctuations  During  Seoke  Week  3  end  Comparisons  with  Theoretical 
Models  (15) 

3:00  BREAK 

3:30  J.  E.  Carnap.  (Colorado  State  University),  Diffusion  In  Unstable 
(Convective)  Boundary  Layers  (15) 

3:50  B.  Evens  (DREV,  Canada),  A  Comparison  of  In-Field  Data  and  Theoretically 
Derived  Vertical  Concentration  In  Man-Made  Dust  Plumes  (IS) 


C.  Particle  Dynamics:  Orientation  Effects,  Concentration  Sampling,  and  Site/ 
Shape  Analysis 

4:10  Isaiah  Ualllly  and  E.  M.  Krushkal  (Hebrew  University,  Israel),  The 

Orientation  Distribution  Function  of  Non-Spherlcal  Aerosol  Particles 
In  a  General  Shear  Flow:  The  Turbulent  Case  (20) 

4:35  S.  Davison.  S.  Hwang,  J.  Wang  and  J.  W.  Gentry  (University  of  Maryland), 
Unipolar  Charging  for  Ultra  Fine  Aerosols:  Theory,  Experiment  and 
Significance  for  Size  Distribution  (15) 


D.  Aerosol  Elimination 

4:55  Joseph  Pod t less k  (Graduate  Center  for  Cloud  Physics  Research  -  University 
of  Missouri ,  Rolls)  ,  Results  of  the  Fast  and  Current  Investigation  of 
Smoke  Particle  Scavenging  by  Nonspherlcal  Collectors  (15) 
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MONDAY  25  June  (continued) 


I.  D.  (continued) 

5:15  Kang  H.  Lecmg  (University  of  Illinois).  The  Collision  of  Nonepherical 
Aerosol  Particles  vlth  Water  Dropa  (15) 

Post.  Withdrawn  e 

5:35  Adjournment 

Cocktails  and  Dinner  at  The  Red  Fox,  Bel  Air,  MD  (casual) 

TUESDAY  26  June 

I.  PHYSICAL  AND  CHEMICAL  PROPERTIES  OP  AEROSOLS  (continued) 

A.  Particle  Formation,  Evolution  and  Composition 

8:15  R.  C.  Plnnlck,  G.  Fernandes  and  B.  D.  Hicks  (Atmospheric  Sciences 
Laboratory),  Volatility  of  Near-Surface  Aerosols  in  Southern 
New  Mexico  (15)  m 


II.  AEROSOL  CHARACTERIZATION  METHODS  (Other  than  Aerodynamic  Methods  - 
See  Session  1.  C.) 

Moderator:  Jerold  Bo t tiger 


A.  Particle  Shape  Descriptions  end  the  Velum  of  Effective  Site  Parameters 

8:35  David  Shaw  (SUNY /Buffalo) ,  A  Review  of  Irregular  Particle  Measuring 
Techniques  (25) 

9:05  W.  Schsunsman  (BICL  Germany) ,  Characterisation  of  Nonapherlcal  Metallic 
Particles  (15) 

Post.  C.  Kaplan .  p.  Y.  Yu,  F.  Fersanah,  J.  Hong,  and  J.  W.  Gentry  (University 
of  Maryland) ,  Application  of  Condition  Niabers  In  Particle  Site  Analysis 
and  Linear  Regression 


B.  Optical  Inversion  Methods  for  Site  Distribution  (Including  Optical  Particle 
Site  Analysers) 


R.  E.  Benner.  8.  C.  Hill,  C.  K.  Ruahforth  and  P.  R.  Cornwall  (University 
of  Utah) ,  Uaa  of  Structural  Resonances  in  Fluorescence  Emission  for 
Siting  Spheres  Resting  on  Substratss 


I? 


TUESDAY  26  June  (continued) 


II.  B.  (continued) 

9 1 25  W.  H.  Ye rear  (STC)  and  J.  Y.  Son  (UT8I) ,  A  Coup aria  cm  of  Phase  Functions 

obtained  by Scattering  Intensity  and  by  Interferometric  Visibility  (IS) 

9:45  A.  R.  Tokuda.  T.  R.  Majoch,  S.  R.  Beck,  C.  D.  Capps  and  C.  M.  Hess  (Boeing 
Aerospace  Co.),  Multichannel  Nephelometer  Design  (IS) 

10(05  BREAK 

10(35  J.  Bcttlaer  (CROC),  Progress  of  Inversion  Technique  Evaluation  (15) 

10(55  B.  P,  Curry  and  B.  L.  Kiech  (Calipee  Field  Services,  Inc.),  Determination 
oi  Particle  Sise  Distribution  from  Blind  Inversion  of  Synthetic  Data  (15) 

11(15  B.  H.  Herman  and  A.  San -David  (Inst,  of  Atmos.  Physics,  Unlv.  of  Arisons) 
end  J.  Reagan  (Dept,  of  Elec.  Eng.,  Unlv.  of  Arisons),  Particle  Sise 
Distributions  Obtained  from  Multi-Wavelength  Beckscattering  Data  (15) 

11:35  William  A.  Pearce  (EC  4  0/WA8C),  Aerosol  Sise  Distribution  Inversion 
from  Simulatad  Nephelometric  Date  (15) 

Post.  Andre  Delfour,  Antoine  Parus  and  Daniel  Bias  (O.N.E-R.A.  -  C.E.R.T.,  France), 
Particle  Sise  Distribution  of  Each  Constituent  of  an  Heterogeneous  Aerosol 

11:55  Robert  W.  L.  Thoms  (EC  A  C/WASC),  The  Effect  of  Representation  on  the 
Interpretation  of  the  Remote  Sensing  of  Aerosols  (15) 

12:15  LUNCH 

1 : 30  William  Hooper  and  A.  K.  Jordan  (Naval  Research  Laboratory) ,  Generalised 
Inversion  Method  for  Date  Representations  in  the  Complex  Plana  (15) 


C.  Optical  Constants  of  Liquids  and  Powders 

1:50  Marvin  Quarry  (Unlv.  of  Missouri  -  Kansas  City),  Optical  Constants  of 
Selected  Materials  in  the  IR-HIR-Vls-UV  Spectral  Region:  Graphites, 
Copper,  Braes,  Aluminum,  Alimdnum  Oxide,  Conducting  Polymers,  Iron, 

Iron  Oxides,  Zinc  Oxide,  Intercalated  Graphite  and  Vitreous  Carbon  (15) 

Post.  Bernard  Culllame,  Andre  Delfour  and  Daniel  Blse  (O.N.E.R.A.  -  C.E.R.T., 
France),  The  10.6  urn  Refractive  Index  Measurement  of  a  Single  Particle 
in  Optical  levitation 

2:10  Vincent  tomaaelll  end  K.  D.  Moeller  (Fslrlsigh  Dickinson  University), 
Fer-Inlrtred  Extinction  Properties  of  Metal  Powders  (15) 

2:30  CONVERSATION/DISCUSSION  BREAK  (1H  hours) 
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TUESDAY  26  June  (continued) 


II.  C.  (continued) 

4:00  K.  D.  Moeller  (Fairlelgh  Dickinson  University),  Beamsplitter  end 
Detectors  £ or  the  Submllllaeter  end  Millimeter  Region  (IS) 

4:20  Robert  J.  Bell.  M.  A.  Ordel,  R.  E.  Paul,  L.  L.  Long  end  R.  W.  Alexander 
(University  of  Misaouri  -  Rolls) ,  Prediction  of  the  am  Wavelength  and 
Sub-ess  Wavelength  Optical  Properties  of  Hetal  and  Some  Rev  Date  for  Iron 
end  Craphite  (IS) 

4:40  Larry  Long,  R.  J.  Bell  and  Ralph  Alexander  (University  of  Missouri  -  Rolls), 
Changes  In  the  8ubmllllaeter  Spectra  of  Minerals  with  Loss  of  Water  of 
Hydration  (IS) 


III.  OPTICAL  PROPERTIES  OP  AEROSOLS 

Moderator:  E.  Stubbing  (Moderator  for  111.  C.  is  0.  I.  Slndonl) 


A.  Infrared  Emission  from  Aerosols 


Post.  Withdrawn 


5:00  Glen  0.  Rubai  (CROC),  Investigation  of  the  Reaction  Between  Acid  Droplets 
and  Aanonla  Gas  (IS) 

5:20  Adjournment 

Cocktails  and  Dinner  at  Giovanni's,  Edgevood,  MD  (casual)  or 
Cccktalla  and  Dinner  at  Heusner's  Restaurant,  Baltimore,  MD 


WgPMESDAY  27  June 

III.  A.  (continued) 

6:15  A.  Snelson  (ITT  Research  Institute),  Soma  Purther  Studies  on  missive 
Aerosols  end  a  Mew  Broadband  IR  Aerosol  (IS) 


B.  Interaction  of  Radiation  and  Spherlcsl  (Including  layered)  Particles 

8:35  A.  Colettl  (Georgia  Institute  of  Technology),  On  Possible  Experimental 
Application  of  Some  Properties  of  the  First  Expansion  Coefficients  of 
the  Phase  Function  and  Phase  Matrix  (IS) 

Post.  Philip  L.  Harston  and  Dsan  S.  Langley  (Wash.  State  Unlv.),  Transmitted* 
Wave  and  Rainbow-Enhanced  Clorlea  of  Dielectric  Spheres 
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WEDNESDAY  27  June  (continued) 


III.  B.  (continued) 

8:55  S.  Arnold  (Polytechlc  Institute  of  N.Y .)  and  A.  B.  Pluchlno  (The  Aaroepace 
Corp.),  Infrared  Spectroscopy  of  Single  Micron-Sized  Particles  (15) 

Post.  Thomas  R.  Lett  lari,  Richard  E.  Preston  and  Michael  Bell  (National  Bureau  of 
Standards) ,  Haaan  Spectroscopy  of  Single  Liquid  Droplets 

9:15  K.  P.  Nelli  E.  M.  Tseng  and  R.  K.  Chang  (Yale  University),  Droplet  Lasing 
and  Evsporsticm /Condensation  Studies  In  a  Highly  Monodlsperse  (1:10  ) 

Linear  Droplet  Stress  (15) 

9:35  John  Clpolla  (Northeastern  University)  and  T.  P.  Morse  (Brown  University), 
Cnmj.  Recent  Results  In  Laser-Aerosol  Interactions  in  Horironial  and 
Vertical  Tubes  (15) 

Th.AM  Philip  L.  Msraton  (Washington  State  Univ.)  and  James  H.  Crichton  (Seattle 
Pacific  University) ,  Radiation  Torque  on  a  Sphere  lll«»lnated  with 
Circularly  Polarized  Light 

9:S5  BREAK 


C.  Workshop:  Nonlinear  Phenomena 

Moderator:  0.  I.  Slndonl 

10:25  Janon  P«Kury  (CRDC) ,  Aerosol  Countermeasures  to  Directed  Energy  Weapons  (15) 

10:45  David  Sslth  (United  Technology  Research  Center),  Aerosol-Induced  Cae 
Breakdown  and  Aerosol-Induced  Thermal  Blooming:  A  Review  (30) 

11:20  Leon  J.  Radtlemskl  (New  Mexico  State  University),  Time-Resolved 
Spectroscopy  of  Laser-Induced  Air  Plasmas  (15) 

11:40  LUNCH 

12:55  B.  Armstrong  (New  Mexico  State  University),  Interactions  of  Absorbing 
Aerosols  with  High  Energy  Lasers  05) 

1:15  Withdrawn 

Post.  S.  T.  Aalmoto  (Aerospace  Corp),  G.  L.  Trusty  and  D.  H.  Lea  lie  (Naval  Research  Lab.) 
and  R.  Hof land  (Aerospace  Corp.),  DF-Laser-Pulse  Breakdown  Induced  by  Land  and 
Marltlne  Aerosola 

1:35  J.  D.  Pendleton  and  R.  G.  Plnnlck  (Atmospheric  Sciences  Laboratory), 

Explosive  Vaporisation  of  Spherical  Aerosol  Droplets  by  Pulsed 
Users  (IS) 

1:55  R.  K.  Chang,  J.  B.  Snow,  S.-X.  Qian,  K.  F.  Wall  and  H.-M.  Tteng  (Yale 

University) ,  Nonlinear  Optical  Effects  from  s  Liquid  Droplet  Irradiated 
by  High  Energy  Users  (15) 

2:15  Mel  Lax  (City  College  of  Haw  York),  Problems  In  HEL-Aerosol  Interactions  (15) 

2 : 35  BREAK 
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WEDNESDAY  27  June  (continued) 


III.  (continued) 

D .  Interaction  of  Radiation  and  Nonspherlcal  Particles  (Including  Aggregate!) 
with  or  without  Cooperative  Effects 

3:05  Donald  R.  Huffman  (University  of  Ar Icons) ,  Low  Temperature  Matrix 

Isolation  Spectroscopy  of  Carbon  and  Metal  Alloys  -  Bridging  the  Cap 
Between  Molecular  and  Microcrystal  Spectroscopies  (IS) 

3:25  M.  P.  Iskander  (University  of  Utah),  New  Iterative  Extended  Boundary 

Condition  Method  for  Calculating  Scattering  and  Absorption  by  Elongated 
and  Composite  Objects  (15)  (Given  at  the  end  of  Thursday] 

(III.  D.  listing  continued  under  Thursday  26  June) 


PREVIEWS  OF  PRESENTATIONS  in  the  AH' -TOPIC  POSTER  SESSION 
I.  PHYSICAL  AND  CHEMICAL  PROPERTIES  OF  AEROSOLS 
A .  Particle  Formation,  Evolution  and  Composition 

3:45  James  Hudson  (Desert  Reeearch  Institute),  Interstitial  Particles  In 
Pegs  (2) 

Add  Alistair  C.  D.  Leslie  and  Nele  S.  Laulainen  (Battelle,  Northwest), 
Inertial  Particle  Sampler  for  Pine  Size  Particle  Pracclouatlon  and 
Chemical  Speclatlcn  by  PIXE  (2) 

D.  Aerosol  Elimination 

3:48  Withdrawn 


II.  AEROSOL  CHARACTERIZATION  METHODS  (Other  than  Aerodynamic  Methods  -  See 
Session  I.  C.) 

A.  Particle  Shape  Descriptions  and  the  Value  of  Effective  Size  Parameters 

3:51  C.  Kaplan,  P.  Y.  Yu,  F.  Farzanah,  J.  Hong  and  J.  W.  Gentry  (University 
of  Maryland),  Application  of  Condition  Numbers  in  Particle  Site 
Analysis  and  Linear  Regression  (2) 

B.  Optical  Inversion  Methods  for  Site  Distribution  (Including  Optical 
Particle  Site  Analyzers) 

3:54  R.  E.  Benner,  S.  C.  Hill,  C.  K.  Euahforth,  and  P.  R.  Cornell  (University 
of  Utah),  Uae  of  Structural  Resonances  in  Fluorescence  Emission  for 
Sizing  Spheres  Resting  on  Substrates  (2) 

3:57  Andre  Delfour.  Antoine  Perus  and  Daniel  Bite  (O.N.E.R.A.  -  C.E.R.T., 
France),  Particle  Size  Dlatrlbutlon  of  Each  Constituent  of  an 
Heterogeneous  Aerosol  (2) 


WEDNESDAY  27  June  (cont lnued) 


PREVIEWS  (continued) 

II.  AEROSOL  CHARACTERIZATION  METHODS  (continued) 

C.  Optical  Constant*  of  Liquids  end  Powders 

4:00  Bernard  Cuillame,  Andre  Delfour  and  Daniel  Blee  (O.N.E.R.A.  -  C.E.R.T., 
France),  The  10.6  ym  Refractive  Index  Measurement  of  a  Single  Particle 
In  Optical  Levitation  (2) 

III.  OPTICAL  PROPERTIES  OP  AEROSOLS 

A.  Infrared  Emission  from  Aerosols 


4:03  Withdrawn 


B.  Interaction  of  Radiation  and  Spherical  (Including  Layered)  Particles 

4:06  Philip  L.  Marston  and  Dean  S.  Langley  (Washington  State  University), 

Transmittad-Wave  and  Rainbow-Enhanced  Clorlee  of  Dielectric  Spheres  (2) 

Add  Thomas  R.  Lettierl,  Richard  E.  Preston  and  Michael  Bell  (National  Bureau 
of  Standards),  Raman  Spectroscopy  of  Single  Liquid  Droplets 

C.  Workshop:  Nonlinear  Phenomena 

Add  S.  T.  Amlmoto  (Aerospace  Corp) ,  G.  L.  Trusty  and  D.  H.  Leslie  (Naval 

Research  Lab)  and  R.  Hofland  (Aerospace  Corp.),  DP-Laser-Pulae  Breakdown 
Induced  by  Land  and  Maritlne  Aerosols 

D.  Interaction  of  Radiation  and  Nonspherlcal  Particles  (Including  Aggregates) 
with  or  wichout  Cooperative  Effects 

4:09  M.  F.  Iskander  and  R.  E.  Benner  (University  of  Utah),  Potential 

Applications  of  the  New  Iterative  Extended  Boundary  Condition  Method 
In  the  Optical  Regime  (2) 

4:12  Wlthf^own 


4:15  Ru  Wang  (Space  Astronomy  Laboratory,  Unlv.  of  Florida),  Extinction  and 
Angular  Scattering  by  Rough  Particles  (2) 

E.  Propagation/Multiple  Scattering  In  Aerosol  Media  and  Radlstlve  Transfer 

4:18  J.  A.  Reagan.  A.  Ben-Davld  and  B.  M.  Herman  (Unlv.  of  Arizona),  Assess¬ 
ment  of  Aerosol  Extlnction-to-Backscatter  Ratio  Measurements  Made  at 
694.3  nm  In  Tucson,  Arizona  (2) 

4:21  A.  Colettl  (Georgia  Institute  of  Technology),  Contours  of  Isophots  In 
the  Stratospheric  Cloud  of  El  Chichon  (2) 

IBM  "■ 

4:24  Adjournment  to  Officers  Club  for  Poster  Session  during  Social  Hour, 
Breaking  for  Beef  and  Burgundy  Dinner  approximately  6:30  (casual), 
and  Resuming  Conversation/Poster  Session  over  Coffee  end  Dessert 
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THURSDAY  28  June 


III.  OPTICAL  PROPERTIES  OF  AEROSOLS  (resumed) 


B.  Interaction  of  Radiation  and  Spherical  (Including  Layered)  Particles 

8:15  Philip  L.  Harston  (Washington  State  University)  and  James  H.  Crichton 
(Seattle  Pacific  University).  Radiation  Torque  on  a  Sphere  Illuminated 
with  Circularly  Polarised  Light  (15) 


D.  Interaction  of  Radiation  and  Nonspherlcal  Particles  (Including  Aggregates) 
with  or  without  Cooperative  Effects  (resumed) 

Post .  Withdrawn 


8:35  Edward  S.  Pry,  William  White  and  Ken  Voss  (Texas  ASM  University), 
Mueller  Matrix  of  a  Single  Dielectric  Cube  in  a  Fixed  Orientation: 
Experiment  (15) 

8:55  [combined  presentation]  Mueller  Matrix  of  a  Single  Dielectric  Cube  in 
a  Fixed  Orientation: 

Chla-Ren  Hu  (Texas  ASM  University),  Theory  (10) 

George  W.  Kattawar  (Texas  ASM  University),  Numerical  Results  (10) 

9:20  A.  B.  Pluchlno  and  M.E.  Fahmer  (Aerospace  Corp.),  Measured  IR  Scattering 
from  Single  Irregularly  Shaped  Ice  Crystals  (15) 

9:40  Steven  C.  Hill  and  A.  Clyde  Hill  (Univ.  of  Utah  Research  Institute)  and 
Peter  W.  Barber  (Clarkson  University),  Light  Scattering  by  Size/Shape 
Distributions  of  Soil  Particles  and  Spheroids  (15) 

10:00  BREAK 

10:30  K.  Tennal ,  J.  D.  Wilson,  D.  Jackson  and  M.  K.  Mazumrf,  r  (University  of 
Arkansas) ,  Application  of  the  Spectraphone  to  Measurement  of  Light 
Absorption  by  Multicomponent  Aerosols  (15) 

10:50  H.  Well,  T.  B.  /».  Senior,  T.  M.  Willis  III  (Univ,  of  Michigan),  Internal 
and  Near  Fields  of  Small  Particles  Illuminated  in  Spectral  Absorption 
Bands  (15) 

11:10  Donald  R.  Huffman  (University  of  Arizona),  Wavelength  Dependence  of 

Scattered  Light  Through  Spectral  Regions  with  Strong  Absorption  Bands, 
Using  Laboratory  and  Field  Measurements  (15) 

Post.  Ru  Wang  (Space  Astronomy  Laboratory,  Univ.  of  Florida),  Extinction  and 
Angular  Scattering  by  Rough  Particles 


THURSDAY  28  June  (continued) 


III.  D.  (continued) 

11:30  E.  Be her  and  M.  A.  Fltzwacer  (Univ.  of  Nebraska  -  Lincoln).  Scattering 
and  Depolarisation  by  Very  Long  Finitely  Conducting  Cylinders  with 
Pough  Surfaces  (15) 

11:50  LUNCH 

1:05  Ariel  Cohen.  Lenard  Cohen  and  Richard  Haracz  (Draral  Unlvaraity)  and 

V.  Toeasalll,  J.  Coloal  and  K.  D.  Moeller  (Padrlelgh  Dickinson  University), 

Angular  Scattering  Distributions  by  Long  Copper  and  Brass  Cylinders — 

Experiment  and  Theory  (15) 

1:25  Jeanne  C.  Pedersen,  No  naan  E.  Federsen  and  Peter  C.  Waterman  (Peeav  r.‘ue). 

Recent  Results  In  Scettering  and  Absorption  by  Conductive  Fibers  .?£■) 

1:45  D.  H.  Boise,  D.  L.  Dye,  C.  D.  Capps,  C.  Culms elk  (Boeing  Aerospace  Co.),  and  J.W. 
Bond  (Bel voir  Research  and  Development  Canter) ,  Dipole-Dipole  Scattering  Inter¬ 
action  and  Its  Re la cion  to  Particle  Separation  In  Coatings  and  Clouds  (15) 

2:05  Ariel  C.h •  \ ,  Lenard  Cohen  and  Richard  Haract  (Drexel  University),  Double 
Scatterl"1  ■»  oy  Finite  Dielectric  Cylinders  (15) 

2:25  B.  Schlicht,  K.  F.  Wall  and  R.  K.  Chang  (Yale  University),  Fiber  above 
e  Mirror:  Mirror-Fiber  Distance  Dependence  of  the  Angular  Scattering 
Pattern  and  the  Morphology-Dependent  Resonances  in  the  Elastic  Scattering  (15) 

2:45  Michael  Riley  (CRDC) ,  Ail  Invitation  to  Research:  Co-operative  Scattering 
Effects  of  Conductive  Pilaaente  (5) 

2:55  CONVERSATION/DISCUSSION  BREAK  (If*  hours) 

4:25  Milton  Karker  (Clarkson  University),  Are  Aggregates  Necessary  In  Order 
to  Observe  Surface  Enhanced  Renan  Scattering?  (15) 

4:45  J.  R.  Aronson.  A.  G.  Enable ,  Siaon  and  E.  M.  Saith  (Arthur  D.  Little, 

Inc.),  Scattering  and  Absent  .  y  Aggregated  Aerosol  Particles  (15) 

5:05  Wllllaa  S.  Blckel  (Uni varsity  oi  Arizona),  Masking  of  Information  In 
Light  Scattering  Curves  from  Complex  Scetterers  (15) 

(M.  F.  Iskander's  paper,  scheduled  for  3:25  on  Wednesday,  was  glvan  here.] 

5:25  Adjournment 

Crab  Feast  at  Gabler  j  Shore  Restaurant  oi.  ,..e  Bush  River  (very  casual) 

(Chicken  &  Hamburgers  also  available) 


FRIDAY  29  Juna 


III.  OPTICAL  PROPERTIES  OP  AEROSOLS  (continued) 


B.  Propagatlon/Multlpla  Scattering  In  Aaroaol  Media  end  Radiative  Transfer 

8:15  Pater  C.  Waterman,  Norman  E.  Pedersen  and  Jaanna  C.  Pedaraan  (Panamatrlca) , 
Radiative  Tr ana far  by  Clouda  of  Conductlva  Fibara  (15) 

8 >35  V.  K.  Varadan,  V.  V.  Varadan  and  Y.  Ha  (Pannaylvaala  State  Univaralty) , 
Multiple  Scattering  by  Aligned  and  Randomly  Oriented  Dlacreta 
Scatteiera  (15) 

8:55  C.  Yeh  and  A.  I ah Learn  (EMtec  Engineering,  Inc.),  Multiple  Scattering 
Calculatlona  for  Nonapherlcal  Particlaa  Baaed  on  the  Vector  Radiative 
Transfer  Theory  (15) 

9:15  David  A.  da  Wolf  (VP I  &  SU) ,  The  Rsnomallted  Wave  Bquation  and 
Appllcatlona  (15) 

Poet.  J.  A.  Reagan.  A.  Ben-David  and  B.  M.  Harman  (Univaralty  of  Arlsona), 
Aaaaaaaent  of  Aaroaol  Bxtinetion-to-Baekaeattar  Ratio  Maaauraeenta 
Made  at  694.3  nm  in  Tucson ,  Arlsona 

9:35  R.  B.  Smith,  T.  D.  Houston,  A.  Ulitaky,  A.  I.  Carswell,  and  S.  R.  Pal 
(Optech,  Inc.),  Propagation  and  Scattering  of  Infrared  Laaer  Beaaa  in 
Dense  Clouda  (15) 

9:55  BREAK 

10:25  N.  J.  McCormick  (Univeraity  of  Washington),  Transport  Methods  for 
Estimating  Single-Scattering  Coefficients  from  Remote  or  In-Sltu 
Multiply-Scattered  Radiance  Measurements  (15) 

10:45  A.  Zarde^kl  and  S.  Ceratl  (Los  Alamos  National  Laboratory)  and  J.  Embury 
(CRDC) ,  Imaging  through  a  Multiply  Scattering  Medium  (15) 

Poet.  A.  Coletti  (Georgia  Institute  of  Technology),  Contours  of  laophots 
in  the  Stratospheric  Cloud  of  El  Chichon 


IV.  DISCUSSION:  DIRECTIONS  FOR  FUTURE  RESEARCH  IN  THE  CRDC  AEROSOL  RESEARCH 
PROGRAM 

Moderator:  E.  Stueblng 

11:05  Discusalon  (About  75  minutes) 

Approximately  12:20  End  of  Conference 
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